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SECTION  I 
SUMMARY 

'This  c()mt)ined  analytical  and  experimental  profjram  is  aimed  at  fjeneral inj;  a manual  that 
will  permit  the  design  nl  cylindrical  roller  hearings  capable  of  operating  reliably  at  H.O  MDN 
speed  levels.  An  existing  (juasi-static  analysis  will  he  updated  in  this  effort  and  a new  dynamic- 
analysis  developed  and  correlated  with  the  results  of  extensive,  statistically  designed  tests  that 
are  being  conducted  on  a series  of  aircraft -engine-size  roller  hearings.  I'he  (piasi-static  design 
optimization  system  has  been  upgraded  to  include  certain  advanced  treatments  ol  fits, 
tolerances,  clearances,  misalignments,  preload,  moment  load,  structural  llexihility,  skew  angle 
determination  and  ring  flexibility.  This  makes  the  program  the  most  advanced  and  powerful 
roller  bearing  design  tool  available  to  date. 

The  basic  analyses  for  use  in  developing  a |)rogram  to  predict  the  dynamic  behavior  of  roller 
hearing  components  are  essentially  complete.  (loverning  differential  and  algelrraic  equations  for 
the  interacting  components  and  the  cou[)led  system  have  been  formulated.  The  preliminary 
computer  program  has  been  developed  and  refinement  of  the  system  is  underway.  The  finalized 
computer  program  is  to  be  available  at  the  conclusion  of  this  contract. 

The  experimental  portion  of  this  program  is  aimed  at  evaluating  the  inlluence  of  geometric, 
tolerance,  design,  and  operational  parameters  on  the  skidding  and  skewing  wear  characteristics 
of  124  mm  roller  bearings  operating  at  speeds  of  1 .0  to  2.0  MDN.  A study  was  completed  in  which 
a total  of  20  separate  bearing  parameters  that  can  influence  roller  skew  and  skid  were  identified. 
Two  groups  of  bearing  designs,  labeled  N and  AF,  were  then  prei)ared  using  statistical  design 
techniques  and  incorporating  those  parameters  from  the  list  of  20  that  could  he  varied  in  a 
sensible  manner.  The  Group-N  hearings  consist  of  eight  separate  designs  which  will  permit  the 
quantification  of  the  influence  of  seven  individual  hearing  parameters  on  roller  skid  and  skew. 
The  Group-AF"  bearings  consist  of  five  hearing  designs  which  will  allow  four  additional 
parameters  to  be  studied.  A total  of  ten  Group-N  hearings  were  manufactured  for  test.  One 
hearing  for  each  of  the  eight  i)arametric  designs  and  two  duplicates  for  repeat  testing  were 
procured.  One  each  of  the  five  Group-AF"  designs  were  produced  with  a duplicate  of  One  of  these 
designs  manufactured  for  repeat  testing.  Flxperimental  rig  testing  has  been  completed  on  four  of 
the  ten  Group-N  bearings.  Three  of  these  hearings  performed  in  a stable  manner  over  the  entire 
range  of  conditions  run  in  the  test  program.  The  fourth  hearing  failed  in  the  course  of  the  testing 
due  to  excessive  roller  wear.  A wide  range  of  wear  and  [terformance  was  observed  during  the 
testing  of  these  first  four  bearings. 
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SECTtON  II 
INTRODUCTION 


A.  BACKGROUND 

The  hifiher  Ihnist-ld-weijihl  ratios  rc<|iiire(l  for  ativatued  aircratt  lurhine  eii<,'iiu‘  desis'iis 
(lemanri  itureased  rotational  speeds  of  the  turbines  and  compressors.  The  design  and 
development  of  such  turhomachinery  is  often  complicated  by  hearing  considerations.  The  rotor 
and  rotor  support  systems  are  generally  characterized  hy  (1)  high  shatt  speeds  to  achie\(‘ 
maximum  gas  dynamic  performance,  minimum  size,  and  minimum  weight;  (2)  flexible  bearing 
support  structures  for  lightweight  and  minimum  disruptiori  ot  the  llowpath  by  interdiction  of 
struts  atul  vanes:  and  I.’!)  large  shaft  diameters  for  high  bending  and  torsional  stillness.  These 
factors  result  in  bearing  specifications  which  recpiire  high  bearing  l)N  hwels  and  high 
misalignment  caitability.  It  is  anticipated  that  bearing  I)N  levels  to  d.ll  \1I)\  will  be  re(|uired  for 
engines  in  the  ltWI)-l!)9t)  time  frame. 

Considerable  effort  has  been  expended  by  various  investigators  on  uttgrading  the 
performance  of  high  I)N  ball  thrust  bearings.  Such  concentrated  effort  hasamassed  a cumulative 
experience  level  of  many  tens  of  thousands  of  hours  in  operatioti  titne  at  2.(1  MDN  under 
lidioratory  conditions.  Ball  thrust-hearing  technology  has  evolved  to  where  material  considera- 
tions determine  the  life  limits  of  the  design.  On  the  other  hand,  the  technology  base  needed  for 
the  design  of  optimum  roller  hearings  to  meet  high  ON  re<|uirements  is  not  well  defined.  Boiler 
bearing  performance,  in  many  cases,  has  been  the  limiting  factor  in  the  design  of  high  speed  rotor 
systems  because  of  a lack  of  understanding  in  certain  aspects  of  roller  hearing  behavior.  There  is 
good  reason  for  this.  The  increased  susceptibility  of  roller  bearitigs  to  failure  has  surfaced  in 
relatively  recent  times.  Kver  increasing  engine  rotational  speeds  have  driven  bearing  speeds  up  to 
ON  levels  which  serve  to  intensify  the  influence  of  geometric  variations  and  certain  other 
parameters  on  roller  dynamics.  Evidence  accumulated  in  the  field  and  data  obtained  in 
flevelopment  tests,  has  indicated  that  bearing  performance  is  very  sensitive  to  roller  instabilities 
as  induced  by  unknown  or  little  understood  |)rinciples  of  roller  dynamic  behavior. 

These  instabilities  occur  frecpiently  in  high  ON  bearings  resulting  in  roller  skewing.  The 
characteristic  failure  mode  w'hich  identifies  roller  skew  is  rapid  eccentric  wearon  the  end  surfaces 
of  some  or  all  of  the  rolling  elements  of  a bearing.  Figure  1 shows  the  eccentric  type  wear  pattern 
on  one  end  of  a roller,  with  the  other  end  having  a similar  pattern  but  180  degrees  out  of  phase. 
This  condition  can  exist  undetected  until  hearing  failure  occurs.  Figure  2 shows  a typical  cxam|)le 
of  bearing  failure  precipitated  by  eccentric  end  wear  of  one  roller  element. 

Belated  to  skewing,  and  apparently  influenced  by  many  of  the  same  forces  which  induce  it. 
is  roller  skidding.  When  rollers  skid  the  resulting  damage  is  paticularly  severe  on  the  rf)lling 
contact  surfaces  and,  subsequently,  has  an  adverse  effect  on  bearing  durability,  (’urrently, 
skidding  is  con.^idered  to  be  of  secondary  importance,  compared  to  roller  end  wear.  This 
conclusion  is  based  upon  considerable  field  service  experience.  Data  indicates  that  roller  end  wear 
failures  predominate.  The  mechanisms  that  cause  skidding  are  more  readily  understood,  and 
inher.’nt  to  this  understanding  is  the  suggestion  for  its  control.  It  is  well  known  that  roller 
skidding  occurs  when  bearing  radial  loads  are  light  and  rotational  speeds  are  high.  A concept 
commonly  used  to  supplement  the  external  load  is  a two-point  radial  preload  design.  This  basic 
preload  system,  which  is  achieved  by  machining  the  outer  ring  OI)  in  an  out-of-round  oval  shape 
combined  with  a slight  interference  fit  in  the  bearing  housing,  adds  enough  load  to  keep  the 
rollers  “in  gear”  around  most  of  the  bearing’s  circumference.  However,  as  speeds  increase,  the 
ability  to  maintain  control  of  the  internal  clearance  needed  to  ensure  operation  free  of  skidding 
damage  becomes  increasingly  dependent  upon  accurate  knowledge  of  the  internal  heat  generation 
of  the  bearing.  This  factor,  coupled  with  the  accompanying  cooling  system  design,  determines  the 
operat  ing  temperature  level  of  the  bearing  and.  more  imixirtantly.  the  temperature  gradient  from 
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the  inner  to  the  outer  raceways.  Thus,  an  accurate  knowledge  of  the  heat  generation  level  is  a 
necessity  if  adequate  control  of  operating  clearance  is  to  he  achieved  so  that  roller  loading  is 
maintained  to  a level  that  successfully  inhibits  roller  skidding. 


Of  course,  there  are  other  modes  of  engine  roller  bearing  failure  beside  those  attributable  to 
end  wear  and  skidding  damage.  Some  of  these  modes  are  identifiable  with  the  cage  and  others 
may  be  due  to  roller  edge  loading  causing  premature  fatigue  spalling.  However,  it  appears  highly 
likely  that  if  the  basic  roller  end  wear  problem  — as  influenced  by  skewing  action  — can  be 
avoided,  a large  measure  of  the  solution  to  other  root  problems  can  be  effected.  This  becomes 
largely  self-evident  upon  study  of  the  long  list  of  geometric,  dimensional,  tolerance,  quality,  and 
operational  parameters  which  influence  and  control  roller  tracking  forces.  A design  system  which 
provides  identification  and  regulation  of  these  factors  will  provide  a means  for  establishing  the 
entire  bearing  design.  For  these  reasons,  this  system  must  go  beyond  a quasi-static  analysis  and 
must  address  roller  bearing  dynamic  behavior. 


Figure  I.  Ecvrntric  Roller  End  Wear 
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Fifiiirc  2.  Typical  Rearing  Failure  Attributable  to  Eccentric  Roller 
End  Wear 

B.  PROGRAM  APPROACH 

As  indicated  in  the  “Background”  section,  future  engine  design  requirements  dictate  roller 
bearing  DN  levels  to  3M.  Therefore,  roller  bearing  technology  to  achieve  this  DN  level  must  be 
upgraded  in  time  for  utilization  in  engines  slated  for  operation  in  the  1980-1990  time  frame.  The 
schedule  to  develop  bearings  to  meet  the  3 MDN  requirement  calls  for  an  extension  of  the  present 
state-of-the-art  of  bearing  design  and  requires  considerable  analytical  and  experimental  effort  to 
investigate  the  effects  of  increased  DN  levels  on  many  critical  design  parameters.  In  addition  to 
the  conventional  parametric  studies  involving  fatigue  life,  stresses,  temperature,  fits,  clearances, 
alignment,  lubrication  and  rotor  dynamic  response,  special  attention  must  be  given  to  roller 
skidding  and  skewing  motion  which  have  been  identified  as  likely  problem  areas  for  high  DN 
operation.  Proper  analysis  of  these  effects  requires  development  of  a new  computer  program 
which  considers  the  complete  dynamic  motion  of  each  element  in  the  roller  assembly. 

Effort  under  this  program  is  being  directed  toward  the  formulation  of  a viable  generalized 
roller  bearing  analytical  design  .system  considering  a number  of  geometrical  and  operational 
parameters.  This  development  program  is  based  on  an  integrated  analytical/experimental  effort. 
The  resultant  design  system,  in  the  form  of  a complete  computer  program,  is  intended  to  provide 
the  bearing  design  engineer  with  a useful  tool  for  studying  the  static  as  well  as  dynamic 
characteristics  of  high  DN  roller  bearings  for  future  aircraft  engine  rnainshaft  applications.  The 
design  system  will  be  useful  in  conducting  analytical  experiments  under  simulated  o|>erating 
conditions.  A parametric  study  utilizing  a reliable  analytical  design  system  could  establish  basic 
design  criteria,  help  to  separate  the  important  variables  from  the  unimportant  ones,  predict  the 
effect  of  each  controllable  design  factor,  and  thus  could  substantially  reduce  the  number  of  costly 
test  programs  in  the  early  phase  of  new  bearing  development.  It  could  also  be  used  to  assist  in  the 
diagnosis  of  roller  bearing  failures  in  service  engines. 

C.  PROGRAM  SCOPE 

The  work  being  performed  under  this  contract  includes  both  analytical  and  experimental 
activity.  Under  Task  I,  a computer  program  which  describes  the  roller  bearing  dynamics,  loads, 
stresses,  deflections,  deformations,  thermal  conditions,  heat  generation,  lubrication,  and 
operating  parameters  will  be  developed.  In  Task  II,  experimental  rig  tests  will  be  conducted  on 
a group  of  124  mm  bore  roller  bearings  to  define  the  influence  of  geometric  and  operating 
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variables  and  to  verify  the  accuracy  of  the  computer  program.  The  computer  program  will  be 
refined  as  necessary  to  reflect  the  test  results.  Also,  certain  additional  results,  when  available 
from  other  planned  experimental  testing  which  will  address  a separate  group  of  roller  bearing 
variables,  will  be  used  to  further  refine  the  model.  In  Task  III,  the  information  developed  under 
Tasks  I and  II  will  be  u.sed  to  design  and  fabricate  a prototype  bearing  and  conduct  a 
demonstrator  rig  test  having  a goal  of  60  hours  operation  over  a range  of  DN  values  from  2.2  to 
0.0  million.  In  Task  FV,  the  results  of  Tasks  I through  III  will  be  incorporated  into  a design  manual 
for  high-speed  cylindrical  roller  bearings.  The  manual  will  include  the  computer  program 
developed  in  Task  I and  modified  during  subsequent  tasks.  These  tasks  also  include  parametric 
testing  on  an  additional  group  of  roller  bearings  containing  different  bearing  variables  than  those 
studied  in  Task  II.  The  test  results  from  this  added  testing  will  be  used  to  further  refine  the 
analytical  model  developed  under  Task  I.  The  work  also  includes  installation  of  the  computer 
program  at  the  Wright-Patterson  Air  Force  Base  computer  facility. 
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SECTION  III 

CONCLUSIONS  AND  RECOMMENDATIONS 


A.  CONCLUSIONS 

The  analytical  modeling  development  effort  has  progressed  smoothly  thus  far  with  no  major 
difficulties  encountered.  Based  on  this  work  the  following  conclusions  can  be  drawn; 

• The  roller  bearing  quasi-static  optimization  program,  called  STATIC, 
updated  under  the  subject  contract,  is  now  capable  of  identifying  the 
corresponding  roller  geometry,  bearing  internal  clearance,  outer  ring  out-of- 
round, assembly  fits  and  lubricant  flow  rate,  all  as  re()uired  to  achieve 
maximum  life.  However,  it  is  necessary  with  this  program  for  the  user  to 
define  certain  design  criteria  and  to  use  his  own  subprograms  for  generating 
certain  structural  and  thermal  data. 

• The  “modular”  concept  adopted  in  the  development  of  the  overall  computer 
program,  TRIBO  I,  has  already  proven  to  be  a beneficial  feature.  Portions  of 
the  program  can  be  run  independently,  which  permits  preliminary  design  of 
any  or  all  of  the  bearing  components.  This  feature  also  makes  it  a much 
simpler  matter  to  alter  the  program  as  new  techniques  or  data  become 
available.  Updating  can  thus  be  accomplished  by  changing  only  that  module 
affected,  thus  eliminating  the  need  to  restudy  the  whole  program  in  its  entire 
length  and  complexity. 

• The  elastohydrodynamic  (EHD)  film  thickness  model  chosen  for  use  in 
TRIBO  I is  that  presented  by  Loewenthal,  Parker  and  Zaretsky'  which 
provides  the  best  correlation  with  available  test  data. 

• The  EHD  traction  models  available  from  the  literature  were  found  inade- 
quate for  the  needs  of  the  high  speed  roller  bearing  program.  Even  the  best  of 
these  gave  poor  agreement  with  existing  pertinent  data.  The  greatest  need  is 
for  experimental  data  in  the  following  operating  regimes:  high  slip  velocity, 
high  temperature,  high  speed  and  moderate  contact  pressures. 

Conclusions  that  can  be  drawn  based  on  experience  accumulated  in  the  experimental 
portion  of  this  program  are  as  follows: 

• Results  obtained  on  repeat  bearings  have  served  to  demonstrate  an  adequate 
level  of  repeatability  for  this  statistically  designed  program. 

• Although  reduction  of  the  bearing  wear  data  by  means  of  established 
statistical  techniques  has  not  yet  been  accomplished  because  testing  of  the 
Group-N  bearings  is  not  complete,  it  is  apparent  that  the  wide  range  of  roller 
end  wear  levels  experienced  thus  far  will  permit  satisfactory  application  of 
these  techniques. 

• Variations  in  applied  radial  loading  do  not  have  a significant  impact  on 
bearing  heat  generation,  based  on  experimental  measurements. 

• Increasing  oil  flow  to  the  bearings  tested  increases  basic  heat  generation. 
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• Power  loss  characteristics  and  thermal  l>»'havior  of  all  the  hearings  tested  thus 
far  are  very  similar. 

• Extreme  amounts  of  roller  slippage  do  not  result  in  unusual  thermal  behavior 
of  the  bearing  nor  do  they  produce  obvious  skid  damage  or  distress  even 
though  heavy  roller  end  wear  may  occur. 

B.  RECOMMENDATIONS 

Based  upon  the  above  conclusions  the  contractor  makes  the  following  recommendations: 

• The  statistically  designed  experimental  program  should  he  continued  as 
planned.  This  recommendation  is  made  on  the  basis  of  demonstrated  ability 
of  the  test  procedure  to  produce  repeatable  results  and  the  discerning  nature 
of  the  wear  results  as  evidenced  by  the  wide  range  experienced  in  tests 
conducted  thus  far. 

• The  roller  bearing  dynamics  analytical  model  should  be  completed  to  the 
level  planned  and  the  results  correlated  with  program  experimental  data  for 
inclusion  in  the  design  manual  which  is  intended  to  be  published  at  the 
culmination  of  this  effort. 

• Some  form  of  simplified  structural  and  thermal  modular  analyses  should  be 
developed  separately  and  incorporated  into  the  master  program  as  an  option 
for  the  user  who  may  not  have  access  to  any  such  analyses.  They  also  would 
prove  useful  in  the  preliminary  design  process  to  supplement  the  more  time- 
consuming  sophisticated  programs  source  users  have  at  their  disposal  and 
which  should  perhaps  be  restricted  *o  use  in  only  the  final  design  stage. 

• It  is  advisable  that  separate  manuals  be  prepared,  containing  design  and  user 
oriented  instructions,  that  would  allow  each  of  the  subprograms  such  as 
STATIC,  SKEW,  CADYN,  and  RODYN  to  be  operated  as  individual 
computer  analyses.  I'se  of  such  programs  could  enhance  the  preliminary 
design  proce.ss,  allowing  certain  parametric  studies  to  be  cfmducted,  without 
the  encumbrance  of  the  time-consuming  main  program  which  should  be 
limited  to  use  in  the  final  design  stage  only. 

• Additional  EHD  traction  data  should  he  obtained  in  appropriate  test 
machines  over  a range  of  speeds,  slip  velocities,  temperatures  and  contact 
pressures  that  correspond  to  those  encountered  in  3.0  MDN  roller  bearings. 

Once  these  data  become  available,  an  effort  should  be  launched  to  develop  a 
fully  correlated  analytical  EHD  traction  model. 
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SECTION  IV 

ROLLER  BEARING  DESIGN  TECHNOLOGY 


A.  GENERAL  DESIGN  CONSIDERATIONS 

Hearing  pertbrmatu'e  is  influenced  by  the  combined  effects  of  fits,  thermals,  and  operating 
corulitions,  as  well  as  the  structural  design  of  the  system.  Ideally,  the  hearing  internal  geometry 
should  he  designed  to  achieve  the  maximum  possible  fatigue  life  under  these  conditions  with<iut 
violating  any  theoretical  or  experience-based  design  criteria.  The  oil  flow  level  chosen  for 
lubricating  and  cooling  of  the  hearing  should  be  such  that  the  temperature  of  the  hearing  rings 
will  never  cause  a complete  loss  of  bearing  clearance  or  result  in  a temperature  level  that  exceeds 
the  capability  of  either  the  ring  material  or  the  oil  itself.  Initial  fits  must  also  he  set  so  that  they 
never  reduce  the  hearing  clearances  to  zero,  yet  remain  tight  at  speed  and  temperature.  Since  the 
determintion  of  factors  such  as  the  optimum  oil  flow,  bearing  fits,  raceway  out-of-roimdness 
lOOR).  and  fatigue  life  is  a laborious  task  involving  many  iterations  within  each  and  among  all 
of  the  hearing  performance  analyses,  the  optimization  proce.ss  has  usually  not  been  fully 
implemented.  With  the  development  of  the  program  described  in  this  report,  full  optimization  of 
anv  or  all  of  these  paratneters  can  be  more  readily  accomplished  from  a (|uasi-static  point  of  view, 

B.  STATE-OF-THE-ART  OF  ROLLER-BEARING  DESIGN  TECHNOLOGY 

The  current  state-of-the-art  of  roller  bearing  design  technology  relies  primarily  on  various 
established  static  and  (|uasi-static  analy.ses.  I'he  analytical  prediction  system  usually  consists  of 
several  major  analyses  as  shown  in  figure  3.  A brief  description  of  these  analyses  is  given  in  t his 
section.  Throughout  the  text,  the  term  “existing"  is  used  to  describe  any  development 
accomplished  prior  to  the  inception  of  the  subject  program,  that  is,  September  197ri,  while  the 
term  “new”  is  used  to  identify  work  accomplished  as  a result  of  the  new  program  effort  as 
described  in  this  report. 

1.  Basle  Elasticity  Considerations 

It  is  a commonly  accepted  practice  in  the  hearing  industry  to  determine  the  fatigue  life  of 
rolling  element  hearings  on  the  basis  of  the  Lundherg-Palmgren  life  modeP  ^ and  Weihull's 
stiitistical  theory  of  the  strength  of  materials*  These  theories  stipulate  that  the  fatigue  life  of 
rolling  element  bearings  depends  upon  the  magnitude  of  the  stressed  volume  as  well  as  upon  the 
level  and  depth  of  the  maximum  shear  stress.  This  therefore  requires  an  accurate  determination 
of  both  the  load  distribution  among  the  rollers  and  the  stress/deformation  at  the  contact  surfaces 
at  each  roller  location.  The  basic  methods  used  to  determine  the  load  distribution  are  given  in 
this  .section.  Also  described  in  this  section  is  the  method  used  to  account  for  the  effect  of 
interference  fits  on  the  overall  bearing  internal  clearance. 

a.  Roller  Load  Distribution,  Misalignment  and  Moment  Load 

The  cla.ssical  theory  and  procedures  u.sed  to  determine  the  basic  roller  load  distribution  are 
well  established.  The  calculations  are  usually  involved  in  several  rather  complicated  iterative 
|)rocesses  such  as  those  reported  in  the  literature^  ’ *.  The  basic  idea  is.  nonetheless,  to  perform 
an  equilibrium  analysis  to  identify  the  forces  and  corresponding  delormations  of  the  system. 
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In  the  case  of  rigid  rings  with  no  out-of-roundness,  for  example,  the  t. linear  detlectitais. 
Ay  and  the  angular  dellections,  (»„  at  the  qth  roller  location  are; 


Ay  ^ (5j  sin  0y  + 6,  cos  0,, 


(1) 


tCy  - ((5,  f S,')  COS  0y  + (6j  + 5,')  sin  0y  + + da  (-> 

where  5 represents  linear  or  angular  deflections  as  identified  in  figure  4 and  5"  and  d represent 
misalignment  and  coning  angles  as  defined  in  the  List  of  Symbols. 

I'he  total  deflections  are  also 


Ay 

Ajq 

+ A2q 

Cl) 

«y 

= 

^ a2q 

(41 

where  the  subscripts  1 and  2 denote  the  outer  and  inner  ring  respectively. 


Figure  4.  Coordinate  System  for  Bearing  Static  and  Elastic  Equilibrium  Analysis 

The  relationship  between  load  and  deflection,  according  to  the  Hertz  theory  for  elastic 
contacts  is  in  the  following  form; 


P Iq  f*lq) 

(5) 

= M,q  (A,q»  «tq) 

(6) 
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Static  e(|iiilit)rium  of  the  rollers  re()iiires  that: 


’ K () 


M,„  0 


Furthermore,  equilihrium  of  the  entire  hearintJ,  i.e..  rollers  plus  races,  recjuires: 


^ P,„  sin  0„  * F,k  - 0 


^ F„,  cos  0„  t Fjk  - 0 


Mj,,  cos  0„  4 M,k  = 0 


M„i  Kin  0„  4 Mjk  = 0 


Determination  of  roller  and  race  load  distribution  then  retptires  simultaneous  solution  of 
Kquations  (1)  throiifjh  (12). 

'Po  account  for  the  effects  of  roller  crowning,  misalignment,  and  moment  loading  and  also 
to  relate  the  deflections  to  the  restoring  moment,  each  roller  element  is  divided  into  18  laminae 
in  the  computation  of  deformation  and  stress  field  at  the  contact  zone.  'Phe  Hertzian  contact 
theory  isthen  applied  to  each  individual  lamina  for  computation  of  stress,  deformation,  moment, 
and  load  distribution.  The  results  are  then  combined  to  characterize  the  elastic  pro|)erties  of  a 
given  roller. 

b.  Interference  Fits 

When  the  temperature  field  in  the  hearing  has  been  determined,  the  relation  ot  interface 
pressure  to  the  interference  fit  is  a function  only  of  the  geometry  and  material  properties  of  the 
two  contacting  components.  Kxact  determination  ot  the  contact  pressure  field  may  rc(piirc  the 
use  of  a (juite  .sophisticated  analysis  such  as  the  finite  element  method.  However,  it  is  verv  olten 
found  that  the  use  of  the  load-deformation  relationship  for  thickwall  cylinders,  as  shown  in 
Fapiation  (18).  is  sufficient.  This  is  the  relation  used  in  the  existing  roller  hearing  analysis: 


(h/a)»  4 1 
(h/a)*  - 1 


11 


when- 

^ = diametral  interferenee  between  the  two  rinjjs  (in.) 

a smaller  rin;;  II)  (in.) 

h = smaller  ring  OI)  (in.) 

e = larger  riiif;  01)  (in.) 

K ^ Young's  Modulus  (i)si) 

1'  ■ Poi.sson's  Ratio 


In  some  engine  bearing  installations,  a liner  is  used  between  the  bearing  ring  and  the 
bousing  structure.  In  such  instances  the  interactive  deformations  of  all  three  elements  must  he 
taken  into  account.  This  necessitates  employment  of  iterative  technicpies  to  determine  the  fits 
between  the  contacting  components. 

2.  Pseudodynamic  Treatment 


a.  Centrifugal  Effect 

The  effect  of  the  centrifugal  force  of  the  rotating  elements  is  crmsidered  throughout  (he 
static  analysis  as  a static  external  force.  The  first  section  in  which  it  api)ears  is  in  the  ecpiilihrium 
calculation  of  the  roller  load  distribution  as  described  in  Section  IV.B.l  .a.  Thus,  the  force  on  the 
outer  roller  contact  area  must  balance  the  sum  of  the  forces  acting  at  the  inner  contact  comhincfl 
with  the  individual  roller  centrifugal  load. 


T'he  second  area  where  the  centrifugal  effect  of  the  rotating  rollers  and  bearing  inner  ring  is 
taken  into  account  is  for  the  determination  of  bearing  operating  fit  and  internal  radial  clearance. 
The  related  growth  of  the  OF)  of  the  rotating  bearing  inner  ring  is  estimated  on  the  basis  ol  the 
following  equation®. 


AD.., 


w 

16Ejg 


(3  + „)  + (1 


i>) 


(14) 


The  expansion  of  the  IF)  of  the  outer  ring  due  to  the  roller  centrifugal  loading  is  given  by: 


AI), 


II 


PF)i  „ 

K, 


ill  + f) 


P = 

N,  = 


(4.51()9  X 10  «) 
~\  N,(  1 


wd,.  N,.* 
rj|„i  Ij 


w 0.222268  d„M  1 


do) 

(16) 

(17) 

(18) 

(19) 


The  change  in  hearing  clearance  due  to  speed  is  then  composed  o(  tw'o  terms  as  discussed  above. 
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b.  Skewing  Moment 


Within  the  static  analysis,  an  approximation  is  made  as  to  the  matjnitiide  of  the  individual 
roller  skewing  moment.  'I’he  skewing  moment  S.j  is  estimated  to  he: 

S„  - n,  M„  (20) 

where 

= coefficient  of  friction 

M,i  = contact  moment  for  jth  roller  at  the  ith  surface 

3.  Thermal  Analysis 

The  purposes  of  rendering  a thermal  analysis  are  to  determine  the  bearing  heat  generation 
and  associated  operating  temperatures,  as  well  as  temperature  gradients  from  the  inner  ring  to 
the  outer  ring  of  the  bearing.  Ideally,  the  temperatures  to  be  determined  are  those  of  the  inner 
ring  and  the  hub  or  shaft  upon  which  it  is  mounted,  the  outer  ring  and  its  support  housing,  the 
roller/cage  assembly  and  the  exit  oil.  These  are  all  influenced  by  shaft  speed,  load,  thermal 
environment  of  the  bearing  compartment,  oil  type,  oil-in  temperature,  oil  flowrate,  bearing 
geometry,  tbe  method  of  cooling  and  the  method  of  lubricating  oil  introduction.  A determination 
of  tbe  bearing  heat  generation  is  necessary  to  tbe  establishment  of  the  engine  design  oil  flow  and 
for  the  purpose  of  sizing  engine  oil-.system  and  heat  exchanger  requirements.  Identifying  the 
temperature  levels  in  the  bearing  system  is  important  to  the  design  process  for  the  purpose  of 
determining  the  internal  radial  clearance  of  the  hearing  at  operating  conditions  which  influence 
hearing  life  which,  in  turn,  impacts  engine  durability. 

An  analytical  design  system  that  would  permit  complete  thermal  analysis  of  the  bearing 
system  is  inherently  complicated,  detailed  identification  of  heat  sources,  sinks  and  flowpaths  is 
required  and  techniques  such  as  finite  difference,  relaxation,  or  finite  element  methods  must  he 
employed.  This  approach  has  not  been  used  for  bearing  systems  because  of  this  inherent 
complication.  What  has  been  developed  is  a system  that  is  almost  completely  empirical  and,  as 
such,  is  applicable  only  to  the  specific  size  bearing  of  concern.  The  bearing  is  subjected  to  a 
combined  rig  and  experimental  engine  test  program  and  the  resulting  data  used  to  establish  a 
design  system.  This  system  is  then  utilized  to  optimize  that  speiific  design  for  the  jiroduction 
version  of  that  engine.  Thus,  no  analytically  based  system  currently  exists  that  can  be 
extrajjolated  to  generate  reliable  design  data  for  an  application  that  is  outside  the  immediate 
range  of  current  experience.  In  other  words  the  present  system  relies  on  experimental  data  as  the 
.source  for  design  temperatures  to  oj)timi7.e  bearing  fits  and  control  internal  radial  clearance  to  an 
acceptable  level.  Thus,  there  is  no  analytically  based  thermal  model  relationship  currently  in  use 
that  could  be  construed  as  a reliable  design  system  for  api)lications  that  are  outside  the 
immediate  range  of  current  experience. 

It  should  be  noted  here,  however,  that  it  is  the  intent  of  the  new  work  being  done  under  the 
suhject  contract  to  develo[)  a heat  generation  and  temperature  prediction  model  that  will  be 
empirically  based,  employing  the  experimental  data  being  generated  in  the  test  [)ortion  of  the 
program,  (leneration  of  a comjjrehensive  analytically  based  thermal  model  is  considered  heyond 
the  scoi)e  of  the  present  effort. 


13 


4.  Support  and  Ring  Flexibility 

Along  with  the  inclusion  of  ring  flexibility  in  the  analysis,  a modification  has  been  made  to 
the  equations  for  deflection  at  the  roller  inner  and  outer  contacts,  Hiquations  ( 1 ) and  (2).  The  new 
equations  are: 

Xi  = ^2  sin  </>q  + <53  cos  - Po/2  - Ag  ri.., 

Oq  = (6,  + 5,")  cos  + (6,  + 65')  sin  0^  + jd,  4 da  “ O^q  riix 


where 


= A 


iq  flex 


4 A. 


2q  Det 


(2n) 


L [K>  Pu  + M J + 

J-1 


L 

j»i 


l^qj  ^^2.1  ^ ^ qj  ^2)1 


t^q  flex  flex  t^2q  flex 

= 'll  [Cqj  P,q  4-  Dqj  M,jl  4 [Cqj  Pjj  4 Dq,  MjJ 


(24) 


and 

Aqj,  Hqj,  Cqj,  Dqj,  Aqj,  Bqj,  Cqj,  qj 

are  matrices  representing  the  pertinent  influence  coefficients  as  shown  in  table  1.  These  influence 
coefficients  define  the  magnitude  of  deflection  at  the  qth  roller  location.  Each  matrix  is  of  order 
n and  is  obtained  through  an  elasticity  analysis. 


5.  Prflload/Outer  Ring  Out-of-Roundness 


The  purpose  of  using  an  outer  ring  with  2-point  or  .'bpoint  out-of-roundness  (OOK)  is  to 
minimize  roller  skidding.  The  additional  load  imposed  on  the  hearing  by  the  out-of-round 
condition  is  known  as  preload.  The  outer  ring  OOR  is  being  optimized  so  that  the  preload 
requirements  are  met  for  each  operating  condition.  In  this  portion  of  the  computation,  the 
preload/OOR  is  established  on  the  basis  of  the  ecpiation  for  a cylinder  pressed  between  two  flat 
plates*.  The  equations  used  are: 


Lp 


P 


D min 


F,. 

K. 


1 _1_ 

K„  ^ ^ K,  ' K. 


(25) 


Pi)  min  “ Pi) 


OOR 

2 


4-  kf 


K.„ 


K,„  4-  K,i 


(2(5) 


OOR  = OROO„,„,  - OROD„„.. 


(27) 
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where 
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Note  that  Equation  (:?1)  is  for  rollers  with  L/lJ  ratio  eciiial  to  I only.  It  should  he  emphasized 
here  again  that  the  analysis  being  discussed  in  this  section  represents  the  state-of-the-art  as  of 
197.'i  and  does  not  reflect  improvements  made  since  that  time  as  a result  of  the  new  program 
effort.  This  work  and  the  related  results  accomplished  thus  far  will  he  discussed  later  in  this 
report. 

6.  Rolter/Flange  Contact  Point  and  Roller  Skew  Angle  Determination 

The  magnitude  of  the  skew  angle  through  which  a given  roller  can  turn  and  the  location  of 
the  contact  point  between  the  end  of  the  roller  and  the  guide  flange  surface  is  dictated  primarily 
by  such  factors  as  axial  end  clearance,  internal  radial  clearance  of  the  bearing,  and  the  flange 
layback  angle.  A properly  designed  roller  is  one  for  which  this  contact  point  is  located  away  from 
the  corners  of  the  flange  guiding  surface  so  as  to  prevent  the  roller  end  from  wearing  due  to 
excessive  stress  concentration. 


The  magnitude  of  the  maximum  skew  angle  and  the  location  of  the  roller/flange  contact 
point  are  dependent  upon  a number  of  parameters.  The  parameters  considered  in  the  existing 
analysis  are  as  follows; 

• End  clearance  between  roller  and  guide  flange,  C,, 

• Holler  length,  L 

• Roller  diameter,  d 

• Roller  crown  drop,  t 

• Roller  corner  radius,  r,. 

• (luide  flange  layback  angle,  i3 

• Guide  flange  height,  H 

It  is  assumed  that  cuivature  of  the  inner  ring  is  negligible,  and  contact  occurs  at  point  R on 
the  roller  and  point  F on  the  flange.  This  contact  point  does  not  necessarily  occur  in  the  x-y  plane 
shown  in  figure  5a  but  can  occur  at  some  distance  z,(  from  that  itlane.  as  seen  in  figure  5b 


Assumingthat  contact  between  the  roller  and  the  guide  flange  occurs  at  point  Ron  the  roller 
which  lies  somewhere  on  the  endface  circle  defined  by  the  intersection  of  the  corner  radius  and 
the  roller  endface.  then  the  y coordinate  of  R,  shown  in  figure  5a  is  given  by: 


.Vh 


L 

•} 


cos  D f (s^ 


sin  H 


(52) 


where 


5b,  is 


On  the  other  hand,  the  location  of  a point  F on  the  flange  guiding  surface,  shown  in  figure 


( -TT  ^ ) tan  d ^ -!p  + G 


CO) 


16 


The  location  of  the  contact,  F,  is  uniquely  determined  by  Eqiiations  and  (;V.U  and  the 
following  matching  conditions. 

.Vk  = ,Vk 

Zh  = Zf  = z b'!4) 

-dya  = dyy 
dz„  dzf 

7.  Bearing  Fatigue  Life  Model 

Rolling  element  bearings  are  generally  designed  to  operate  with  maximum  fatigue  life.  For 
a given  roller  bearing  design,  Lundberg  and  Palmgren^  related  the  so-called  basic  load  rating,  (J, 
to  rolling  contact  fatigue  which,  in  turn,  is  related  to  both  the  stress  level  and  its  distribution  at 
the  contact. 

According  to  the  fundamental  Lundberg-Palmgren  theory,  the  composite  bearing  fatigue 
life  is: 


f.  = 


(.To) 


where  e is  the  VVeibull  slope  which  has  a commonly  accepted  nominal  value  of  9/8 


Qh 


(86) 


_L  V 

n ■“  ’ 


P ^ 


(.87) 


where 


4 if  ring  rotates  with  respect  to  load 

4,5  if  ring  is  stationary  with  respect  to  load 


Q,.,  = f,A,  (1  - C,7l  “ |1  + C,7|«  " K'  ’ ’ d.«  " S2  ' ‘ (.88) 

i = 1 outer  ring 

i = 2 inner  ring 

C,  = (-!)'-• 

y = d./dp 

d,  = d-2, 

It  has  long  been  recognized  that  the  fatigue  life  calculated  by  means  of  the  Lundberg  and 
Palmgren  model  needs  to  be  modified  by  a lubricant  factor  and  a material  factor  in  order  to 
properly  reflect  experience  with  modern  lubricants,  surface  textures  and  materials.  These  factors 
are  input  by  tbe  user  in  the  existing  design  system. 
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8.  Roller  Bearing  Optimization 

The  analyses  identified  in  the  previous  sections  1 throut’h  7 have  been  conil)ined  into  an 
inteftrated  “Koller  Heariiif,’  Ifesign  Optimization  System."  The  objective  of  the  system,  which 
assumes  that  the  bearing  rings  are  rigid,  is  to  determine  the  optimum  roller  bearing  geometry  for 
maximum  bearing  fatigue  life.  I'he  program  calculates  optimized  values  of  internal  rarlial 
clearance  tinf”)  and  out -of- roundness  with  respect  to  input  preload  and  race  temperature 
criteria.  Also,  all  bearing  fits  are  optimized  with  regard  to  fit  i)ressure  re(|uirements.  After 
establishing  the  bearing  internal  geometry  in  this  manner,  the  program  then  calculates  values  of 
roller  Hat  length  and  crown  radius  lor  maximum  bearing  life  at  acceptable  levels  of  roller  edge 
stress. 

In  summary,  the  optimization  system  permits  one  to  determine  the  best  combination,  for 
maximum  fatigue  life,  of  the  following  parameters  at  each  operating  condition: 

• F’reload 

• OOH 

• IRC 

• Fit 

• Roller  flat  length 

• Roller  crown  radius. 

The  computer  program  lists  these  parameters  in  the  out|)ut  along  with  the  following  additional 
items: 

• Distribution  of  radial  load  from  roller  to  roller  around  the  perimeter  of  the 
bearing 

• ('ontact  stress  distribution  along  the  length  of  the  most  heavily  loaded  roller 

• Bearing  life. 

C.  REFINEMENTS 

The  following  paragraphs  describe  further  improvements  in  the  existing  design  system  that 
have  been  generated  as  a result  of  this  contractual  effort.  The  entirely  new  analysis  dealing  with 
the  dynamics  of  the  roller  and  the  cage  and  their  interaction  with  each  other  and  the  raceways 
will  be  covered  in  the  next  major  section  of  this  report.  The  improvements  made  in  the  existing 
design  systems  are  already  proving  useful  in  ongoing  engine  roller  bearing  design  work. 

1.  Support  and  Ring  Flexibility 

The  use  of  influence  coefficients  to  represent  the  llexibility  of  bearing  rings  and  other 
structural  members  in  the  system  is  well  established  as  part  of  the  existing  roller  bearing  design 
system  as  described  in  Section  I\^B.  The  effects  of  both  the  bearing  support  and  ring  tlexibilities 
have,  however,  been  calculated  separately  in  a program  outside  of  the  existing  optimization 
program.  Provisions  have  been  made  to  automate  the  computation  of  structural  llexibilitv 
influence  coefficients  by  permitting  the  user  to  tie  in  his  own  program  for  such  computations  wit  h 
the  improved  static  analysis  computer  program.  A computer  module  is  currently  being  developed 
to  provide  the  user  with  an  option  for  generating  the  inlluence  coefficients  internally  within  the 
program.  These  coefficients  are  to  be  generated  on  the  basis  of  a simplified  analysis  whit  h is 
adequate  for  use  in  the  early  stages  of  bearing  design.  Previously,  the  influence  coefficients  were 
determined  separately  and  then  supplied  manually  as  input  to  the  main  program,  1'his  allows  one 
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to  obtain  a more  realistic  estimate  of  the  extent  and  shape  of  the  roller/race  load  zone  which 
results  in  better  roller  edge  stress  and  life  calculations.  The  user  can  always  suppress  these 
computations  if  the  case  of  rigid  ring/support  is  of  interest. 

2.  Preload  and  Outer  Ring  Out-of-Roundness 

Fieferring  to  Section  IV. B. 5,  a roller  I./D  ratio  ecpial  to  1,  which  is  a typical  value  for  aircraft 
engine  bearing  design,  has  been  assumed  in  deriving  Kquation  (.‘ID.  This  assumption  has  been 
removed  to  allow  for  the  selection  of  any  desirable  length-to-diameter  ratio.  Equation  (dl)  now 
becomes 


•t(l-e,D 

ttEI, 


2 / dLK 

2.15  V I.„  f F, 


CD) 


A more  rigorous  treatment  of  the  outer  ring  out-of-roundness  has  been  introduced  in  the 
roller  li>ad  distriFnition  portion  of  the  analysis.  The  distribution  of  outer  ring  OOIi  is  taken  into 
account  by  the  use  of  radial  raceway  variations  (RRV)  calculated  by  using  a simple  relationship 
which  is  as  follows: 


(lOH 


K„ 


K|h  4 I.,H 


OOR 
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COS  I n(0„  + 0,,)  1 


(40) 


where  n “ number  of  OOR  points  (2  or  5) 

0,,  = angular  location  of  the  first  pinch  point 

As  a result.  Equation  (1)  in  Section  IV.B.l  becomes: 

Ac|  ~ ^2  ain0,|  4 (^3  cos  0q  Po/2  Aq  OOH  (41) 

where  Aq  ti,.,.  Aq  ,,(in  are  the  additional  deflections  due  to  structural  flexibility  and  outer  race  out  - 
of-round.  respectively. 

Incorporation  of  these  improvements  has  resulted  in  not  only  a better  prediction  of  the 
preload,  hut  also  of  the  bearing  life. 

3.  Roller/Flange  Contact  Point  and  Roller  Skew  Angle  Determination 

'F'he  location  of  the  roller/flange  contact  point  and  roller  skew  angle  are  also  affected  by 
.several  factors,  in  addition  to  those  covered  in  Section  IV.B.fi.,  as  defined  in  figure  6,  namely: 


• Fitch  diameter,  d,. 

• Radial-undercut  height  above  raceway  surface,  hq 

• Upper  and  lower  crowned  flange  reference  diameters,  Dh,  Di, 

• Guide  flange  crown  radius,  Rr 
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Figure  6.  Additional  Parameters  for  Inclusion  in  Roller/Flange  Contact  Determination 


With  all  of  the  above  additional  parameters  included  in  the  refined  analysis.  Equation  (.'?:?) 
now  becomes: 

Yf  = .Vo  - V Rf’  - (zf  - Zo)’  (42) 

where 

Vo  = -^  + + VRf’  - !'/2[Dl  - (de  - d + 2hu)|  + K,|* 


Zo  = 'i  (2hu  - d)  + K,  + '^2  |Dl  - (de  - d + 2hu)| 


K. 
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1 + (Ay/Az)’ 


K,  = 
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Ay  \'l 

LV  2 ^ ^ 

2 ' -1 

Az  = ' j (Dh  - Dl) 

with  the  remaining  parameters  defined  as  follows: 

• Roller  to  guide  flange  end  clearance,  C„ 

• Roller  length,  L 

• Roller  diameter,  d 

• Crowned  guide  flange  layback  length.  A, 

• Intermediate  parameters,  K,,  K,,  Ai 

Equation  (42)  together  with  the  matching  conditions  given  by  h'quation  (34)  is  solved 
simultaneously  for  determination  of  the  roller/flange  contact  point  and  the  maximum  roller  skew 
angle. 

4.  Bearing  Fatigue  Life  Model 

An  empirical  equation  to  account  for  the  effect  of  lubricant  and  surface  finish  conditions  on 
bearing  fatigue  life  has  been  built  into  the  analysis.  The  equation  used  in  the  present  analysis  is 
based  upon  the  work  of  Skurka*  as  given  in  Figure  7.  Provision  has  also  been  made  for  inclusion 
of  a separate  user-supplied  life  modification  factor.  Provision  has  also  been  made  for  a user- 
supplied  material  life  factor.  The  overall  hearing  life  is  then  equal  to  the  product  of  the  calculated 
L,o  life,  the  lubricant  factor  Lp,  and  the  material  factor,  Lm 


22 


Fifiurv  7.  Lubricant  Life  Factor 

5.  Built-In  Basic  Lubricant  and  Material  Properties 
a.  Lubricant  Properties 

The  following  properties  for  MIL-L-78()8  and  MI  1.-1,-28899  oils  have  been  hnilt  into  the 
computer  program  as  a function  of  temperature: 

e Base  viscosity 
e Density 

• Heat  capacity 

• Viscosity-pressure  coefficient 

e V'iscosity-temperature  coefficient 

• 'rhermal  conductivity. 

'I’hese  data  are  used  in  lubrication  and  heat  transfer  analyses  and  are  input  items  in  the 
existing  (jrogram.  Nevertheless,  the  user  may  also  elect  to  override  these  data  by  inputting 
information  for  any  type  of  oil  that  may  be  of  interest. 
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b.  Material  Properties 


The  following  properties  for  the  most  commonly  used  structural  materials  such  as  AMS 
4928,  6260,  6,804  and  6, 822,  and  bearing  materials  such  as  AMS  6444  (AISI  .'j21(K))  and  64fK)  (AISI 
M-.W)  have  been  built  into  the  program  as  a function  of  temperature: 

• Modulus  of  elasticity 

• Poisson’s  ratio 

• Density 

• Coefficient  of  thermal  expansion. 

These  data  are  used  in  elasticity  analyses  and  are  user  input  items  in  the  existing  system. 

6.  External  Moment 

The  improved  program  can  take  into  account  the  effects  of  an  externally  applied  moment, 
which  is  a direct  input  item.  The  parent  version  of  this  program  could  handle  misalignment  only. 

7.  Roller  Bearing  Fatigue  Life  Optimization 

This  new  program  features  an  improved  roller  bearing  optimization  system  which  is  capable 
of  providing  the  roller  bearing  geometry  for  maximum  fatigue  life.  The  existing  bearing 
optimization  system  has  been  expanded  to  include  an  oil  flow  optimization  scheme  and  a scheme 
for  the  determination  of  a single  roller  flat  length/crown  radius  combination  considering  all 
operating  conditions.  These  are  detailed  in  the  following  subsections. 

8.  011  Flow  Optimization 

The  optimum  oil  flow  is  defined  as  the  minimum  amount  of  oil  that  must  be  supplied  to  the 
hearing  so  that  neither  the  hearing  ring  temperatures  nor  the  exit  oil  temperature  ever  exceed  a 
predetermined  level.  Values  of  each  of  the  following  criteria  are  defined  by  the  user: 

• Maximum  allowable  change  in  oil  temperature 

• Maximum  allowable  temperature  difference  across  bearing  rings 

• Maximum  allowable  ring  temperature  above  oil-in  temperature 

• Maximum  allowable  ring  temperature. 

The  optimization  system  is  applicable  to  both  regulated  and  nonregulated  oil  supply 
.systems.  The  regulated  oil  supply  system  is  one  in  which  the  oil  flowrate  rises  as  the  high  rotor 
speed  increases,  until  it  reaches  a predetermined  cutoff  level  and  it  is  maintained  at  that  level 
thereafter.  For  the  nonregulated  oil  supply  system,  the  flowrate  is  dependent  upon  the  high  rotor 
speed,  and  consequently  the  flowrate  determination  is  more  complicated  than  for  the  regulated 
.system.  Determination  of  the  required  oil  flow  for  each  operating  condition  (0/C)  involves  an 
iterative  process.  After  the  required  oil  flow  for  each  of  the  anticipated  operating  conditions  has 
been  determined,  the  large.st  value  of  these  flows  is  then  taken  and  rounded-up  to  the  next  higher 
0.25  ppm  for  proper  selection  of  the  oil  pump.  Ring  temperatures  for  that  iteration  are  then 
calculated  for  each  operating  condition  and  subsequently  used  as  input  into  other  routines  of  the 
overall  optimization  program. 

b.  Roller  Flat  Length/Crown  Radius  Optimization 

The  optimum  roller  geometry  defined  within  this  analysis  is  one  which  allows  the  bearing 
to  achieve  a maximum  theoretical  B,,,  fatigue  life  without  violating  any  design  criteria.  The  two 
roller  parameters  which  are  varied  in  order  to  achieve  the  optimum  life  are  the  roller  flat  length 
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BEARING  Bin  LIFE 


and  the  roller  crown  radius.  The  two  design  criteria,  either  of  which  must  not  he  violated,  are  a 
maximum  allowable  normal  stress  level  at  the  intersection  of  the  crown  and  corner  radius  and  a 
maximum  blend  angle  at  the  intersection  of  the  Hat  length  and  crown  radius. 


The  u.se  of  these  two  design  criteria  is  illustrated  in  figure  8.  For  a specific  set  of  operating 
conditions  and  roller  diameter,  the  largest  roller  Hat  length  will  yield  the  highest  fatigue  life. 
However,  as  the  total  load  on  the  roller  due  to  the  combination  of  external  and  centrifugal  loads 
increases,  the  contact  area  between  the  roller  and  raceway  surfaces  extends  into  the  intersection 
of  the  crown  and  corner  radius.  Contact  at  this  location  is  undesirable  since  the  presence  of  a 
stress  riser  at  this  point  is  possible.  The  addition  of  misalignment  accentuates  this  problem.  In 
a similar  manner,  a blend-angle  criterion  relating  acceptable  Oat  length/crown  radius 
combinations  avoids  building  another  stress  riser  into  the  roller  contotir  at  their  intersection. 
Since  contact  at  the  crown/corner  radius  intersection  might  occur  only  during  a small  fraction  of 
the  entire  flight  cycle,  the  program  allows  edge  stress  levels  there  up  to  a user-supplied  limit  for 
each  operating  condition.  The  loading  conditions  for  each  O/C,  along  with  its  particular  edge 
stress  limit,  will  then  determine  the  best  flat  length/crown  radius  combination  for  longest  life. 

BLEND  ANGLE 


Figure  H.  Roller  Flat  l.pnf’th/Crown  Radius  Optimization 
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SECTION  V 

DEVELOPMENT  OF  THE  DYNAMIC  SIMULATION  AND  PREDICTION  SYSTEM 


Previously  established  design  systems  used  for  aircraft  mainshaft  engine  roller  bearings 
have  been  primarily  based  on  the  analysis  and  a cor’-esponding  computerized  analytical  design 
system  developed  by  A.  B.  Jones.’  The  program  was  based  on  a quasi-static  treatment  of  the 
elasticity  problem;  that  is,  the  dynamic  load  due  to  orbiting  of  the  rollers  was  added  to  other 
static  loads  in  the  determination  of  the  distribution  of  the  stress  field  and  deformation  at  the 
contacts  between  the  rollers  and  the  raceways.  The  results  are  then  used  to  determine  bearing  life 
in  accordance  with  the  fatigue  life  model  correlated  by  Lundberg  and  Palmgren.’  This  approach 
has  proven  to  be  adequate  for  designing  bearings  for  operation  in  low  to  moderate  DN  ranges 
where  the  basic  failure  mode  has  been  identified  as  that  due  to  rolling  contact  fatigue.  Bearing 
life,  according  to  this  model,  is  relatively  insensitive  to  detailed  variations  in  roller  and  raceway 
geometry. 

As  gas  turbine  engine  s^ieeds  and  shaft  sizes  increase,  some  of  the  “secondary”  factors  — 
such  as  roller  unbalance  due  to  manufacturing  imperfection  — that  have  previously  been 
considered  negligible  in  their  influence  on  bearing  performance  have  become  a primary  cause  of 
bearing  failure.  Data  accumulated  from  both  service  engines  and  development  testing  indicate 
that  roller  end  wear,  caused  by  roller  skewing  and  skidding,  is  the  major  cause  of  the  roller 
bearing  failure.  This  condition  will  be  further  aggravated  in  advanced  engines  because  of  higher 
DN  levels.  Currently,  skidding  is  considered  to  be  of  secondary  importance  in  comparison  with 
roller  end  wear  since  the  bearing  skidding  problem  has  been  under  reasonable  control  through  use 
of  the  multipoint  preload  system  pioneered  by  Pratt  & Whitney  Aircraft  in  the  early  l^O’s.  In 
contrast,  the  phenomenon  of  roller  skewing  has  not  been  thoroughly  investigated.  The  current 
thinking  is  that  roller  skew  is  a dynamic  phenomenon.  It  may  be  the  result  of  transient  or  steady 
dynamic  motion  in  response  to  mass  unbalance  of  the  roller,  instabilities  of  rollers  in  the  cage 
pocket,  or  instabilities  of  the  cage  itself 

After  examining  a long  list  of  geometric,  dimensional,  tolerance,  quality  and  operational 
parameters  which  may  influence  and  control  roller  skew,  it  was  concluded  that  the  existing  quasi- 
static analysis  is  not  adequate  and  it  is  believed  that  a relatively  comprehensive  dynamic  analysis 
is  required.  The  objective  of  this  work  is  therefore  to  develop  an  analytical  simulation  and 
prediction  system  to  determine  the  transient  and/or  steady-state  motion  of  the  bearing 
components,  their  interactions,  and  their  effect  on  bearing  performance.  The  work  accomplished 
thus  far  is  reported  in  this  section. 

A.  BEARING  SYSTEM  DYNAMICS 

The  motion  of  the  rollers  is  due  to  the  action  of  a complex  force/moment  system  as  shown 
in  figure  9.  This  system  includes: 

• Elastohydrodynamic  (EHD)  traction  force  from  the  inner  or  outer  race 

• Inertia,  or  centrifugal  force,  due  to  orbiting  of  the  roller  mass  center 

• Inertial  force  due  to  rotation  of  an  unbalance  mass  in  the  roller 

• Rolling  friction  due  to  elastic  hysteresis  at  the  inner  and/or  outer  race  contact 

• Aerodynamic  drag  force  due  to  motion  of  the  roller  in  an  oil-mist  environment 

• External  loading  transmitted  through  the  roller/race  contact 
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• Gravity  force  due  to  roller’s  own  weight 

• Reaction  forces  from  the  walls  of  the  cage  pocket 

• Reaction  forces  from  the  roller  guide  flange 

• h'luid  shear  drag. 


Fifiurf  9.  Roller  Force  and  Moment  System 

Similarly,  a bearing  cage  is  also  subjected  to  the  combined  effect  of  a force/moment  systi 
as  shown  in  figure  10,  which  consists  of: 

• Hydrodynamic  force  from  land  riding  surface  of  the  raceway  guide  llange 

• Inertia  force  due  to  whirling  of  the  cage 

• Inertia  force  due  to  the  rotation  of  an  unbalance  mass  in  the  cage 

• Aerodynamic  drag  due  to  motion  of  the  cage  in  an  oil-mist  environment 

• Reaction  forces  from  the  rollers 


Fluid  shear  drag. 
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UNBALANCE 


Figurv  W.  Ccifte  Force  and  Moment  System 

It  is  apparent  that  the  motion  of  each  of  the  rollers  is  affected  hy  that  of  the  cage  and  vice 
versa  as  a result  of  forces  and  moments  transmitted  through  various  interfaces.  In  a loaded 
hearing,  an  individual  rolling  element  and  the  cage  may  take  turns  driving  each  other.  This 
motion  may  result  in  intermittent  contact  between  the  moving  elements.  Intuitively,  the 
contacting  process  may  involve  one  or  a combination  of  the  modes  listed  below  and  shown  in 
figure  11. 

Hydrodynamic  contact  occurs  when  the  rollers  are  far  enough  away  from  the  wall  of  the  cage 
pocket  so  that  a hydrodynamic  oil  film  is  maintained  at  the  interface. 

Elastohydrodynamic  contact  always  exists  when  the  contacting  surfaces  are  extremely  close 
and  the  pressure  generated  in  the  interposed  lubricant  film  is  sufficient  to  cause  simultaneous 
elastic  deformation  of  the  surfaces. 

Elastic  contact  is  the  contact  mode  when  the  approach  velocity  is  such  that  contact  occurs 
before  the  lubrication  film  has  sufficient  time  to  develop  or  when  the  roller  forces  are  large  enough 
to  break  through  an  existing  oil  film. 
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Finurv  II.  Rollcr/Caf’c  Contact  Criteria 

Furthermore,  the  motion  of  the  rollers  and  the  case  al.so  interacts  with  the  ambient  lluids. 
Determination  of  the  roller  and  cage  motion  thus  requires  simultaneous  solution  of  their 
respective  equations  of  motion. 

B.  GENERAL  APPROACH 

The  atrpro.Tch  used  to  account  for  the  various  interac  tions  between  the  cage,  rollers  and  the 
shaft  are  summarized  below. 

I'he  interaction  between  the  cage  and  the  inner  ring  is  mainly  at  the  interlace  between  the 
cage  and  the  guide  llange  land  riding  surface.  The  analysis  given  in  Section  \'  (M  is  used  to 
determine  the  force  acting  at  this  interface. 

The  rollers  interact  with  the  races  at  three  locations  in  the  following  manner: 

• KUD  contact  at  the  inner  raceway  surface 

• FiHD  contact  at  the  outer  raceway  surface 

• A more  complex  contact  mode  between  the  roller  end  and  I he  face  of  the  inner 
ring  shoulder. 
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For  the  inner  and  outer  raceway  surface  contacts,  the  analysis  presented  in  Section  V.f'.  t is 
applicable.  For  the  roller  end/Kuide-nange  contact,  a finite  element  hydrodynamic  model 
described  in  Section  V.C..'!  and  an  elastic  contact  model  described  in  Section  \.CJ^  have  been 
developed.  An  FiHI)  contact  model  for  this  interface  remains  to  be  develoi)ed. 

When  the  roller  motion  is  restricted  by  the  guide  flange,  various  modes  of  contact  can  occur 
between  the  rollers  and  the  sidewalls  of  the  cage  pocket.  'I'he  forces  involved  are  assumed  to 
originate  predominantly  from  either  hydrodynamic  contact,  analyzed  in  a manner  similar  to  that 
of  the  finite  element  model  discussed  in  Section  V.C.f!,  or  pure  elastic  contact  as  treated  in 
Section  V.r.5,  Interaction  between  the  roller  and  the  cage  in  the  circumferential  direction  is 
determined  by  the  models  developed  in  Sections  V.r.2  and 

As  mentioned  earlier,  determination  of  the  contact  forces  is  normally  accomplished  in  a 
reference  frame  where  the  computational  processes  are  the  simplest,  (’onsecpiently,  these  forces 
need  to  he  transformed  into  the  reference  frames  where  the  respective  ecpiations  of  motion  are  to 
be  solved.  This  process  is  further  complicated  by  the  fact  that,  for  a given  roller,  computation  of 
the  contact  forces  is  highly  dependent  upon  the  relative  positions  and  velocities  between  tbe 
contacting  surfaces.  These  velocities  and  positions  must  then  be  transformed  into  the  working 
frames  of  reference. 

There  are  about  .'10  rollers  in  a typical  aircraft  engine  mainshaft  roller  bearing.  'I'he  com[>lete 
dynamics  problem  is,  therefore,  described  by  180  second-order  diff'erential  equations  for  the 
roller,  together  with  another  6 similar  equations  for  the  cage.  'I'hese  180  differential  ecpiations  are 
reduced  to  ‘M'2  first-order  nonlinear  differential  equations  of  time-dependent  coefficients  and. 
naturally,  forcing  functions.  This  set  of  coupled  nonlinear  differential  ecpiations  with  prescribed 
initial  conditions  is  solved  simultaneously  at  each  instant  in  time  in  this  program  by  means  of  a 
modified  Hamming’s  predictor-corrector  method.’ 

Before  one  can  solve  the  relevant  equations  of  motion  for  both  the  rollers  and  the  cage,  it  is 
necessary  at  this  point  to  develop  the  various  analytical  models  to  be  useti  in  fietermining  tbe 
force/moment  system  acting  on  these  components.  lievelopment  of  tbe  basic  models  is  given  in 
the  next  two  subsections. 

C.  DEVELOPMENT  CONTACT  MODELS 

In  order  to  fully  describe  tbe  motion  of  the  cage  and  rollers,  it  is  necessary  to  develop 
analytical  models  that  account  for  the  forces  and  moments  generated  at  the  interfaces  between 
elastic  or  fluid  film  contact  surfaces.  The  fluid  film  contact  models  consi(lere<l  thus  far  in  the 
present  analysis  are  illustrated  in  figure  12.  'I'hese  models  are: 

• H\drodynamic  contact  at  the  cage/flange 

• Hvdrodynamic  contact  at  the  roller/cage  pocket  interfaces 

• Hydrodynamic  contact  at  the  roller  end/guide  flange  interfaces 

• FlHI)  contact  at  the  roller  raceway  interfaces. 

Further,  it  is  intended  in  the  future  to  develop  KHI)  and/or  boundary  lubrication  models  to 
accompany  tbe  hydrodynamic  model  for  the  roller  end/guide-tlange  interface.  This  subsection 
will  discuss  the  various  analyses  u.sed  to  establish  the.se  moflels  and  out  line  t he  met  hods  by  wbicb 
the  differential  etpiations  have  been  derived  and  solved. 
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EHD 


EHD  HYDRODYNAMIC  & EHD 


Fifiuro  12.  Fluid  Film  and  Kill)  Contacts 

1.  Cage/Flange  Hydrodynamic  Contact  Model 


Contact  between  the  inner  surface  of  the  catje  and  the  outer  surface  of  the  inner  rinu.  i.e.. 
the  film  riding  surface,  is  fjenerally  hydrodynamic  in  nature.  The  caf;e/nanf;e  load  system  shown 
in  fiKure  I.'f  is  a two-dimensional  illustration  of  the  problem.  The  hydrodynamic  problem  can  he 
analyzed  most  readily  by  assuming  that  the  technicpie  developed  for  solving  the  short  journal 
hearing  problem  applies.  In  this  case,  the  journal  (inner  ring)  and  sleeve  (cage)  are  both  free  to 
rotate  and  translate  linearly,  whereas  the  shaft  has  its  motion  prescribed.  The  short  journal 
hearing  a.ssumjjtion  is  valid  due  to  (he  very  small  ratio  of  cage  land  width  to  inner  ring  land 
diameter.  For  example,  this  ratio  is  less  than  ().():)  for  the  124.4  mm  test  hearings  to  he  evaluated 
under  this  contract.  Referring  to  figure  12  again,  the  general  governing  ecpiation  for  the  lubricant 
film  was  first  derived  in  the  local  reference  frame  x y z . Using  standard  notation: 


■I  ( h’  tip  ^ ^ _ci_  / h°  (ip  \ 

ax'  V \2^  ax'  / az'  V 12^  az' / 


(4.2) 
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At  this  stage  of  the  development,  we  further  a.ssume  that: 


• The  fluid  film  is  isothermal 

• The  film  thickness  is  independent  ol  z . 

It  should  he  pointed  out  that  any  deviation  from  the  above  assumptions  would  recpiire  a 
considerahly  more  .sophisticated  analysis  which  is  heyond  the  scope  of  the  |)resent  work. 


Ktpiation  (4(i)  can  he  integrated  and.  together  with  the  houndary  condition.  K(|uation  (41). 
yields: 


P - P.. 


‘.\n  (X  cos  I)  — Y sin  0)  { 

h3  (R/(-2)  \ 


(47) 


where 


X = -(1  + f cos  (t) 


dt 


dt 


sin  0-2 


R d( 

r dt 


(4H) 


Y = -j(l 


cos  0) 


— ^ sm  0 ^ (w,  ^ u)||<) 


dt 


(49) 


The  pressure  profile  given  by  Equation  (47)  has  a subambient  region  in  the  circumferential 
direction.  The  exact  location  and  the  extent  of  the  subamhient  [iressure  region  depends  on  the 
relative  velocities  of  the  moving  components.  The  common  practice,  which  is  adopted  here,  is  to 
ignore  the  negative  pressure  region.  This  i.s  consistent  with  the  general  observation  that  the 
tensile  strength  of  lubricating  oil  is  negligibly  small  and  cavitation  will  occur  before  significant 
subamhient  pressure  can  be  generated. 


Let  W,  and  O2  represent  respectively  the  angular  locations  of  the  beginning  and  the  end  of  the 
noncavitated  region.  The  force  components  resulting  from  hydrodynamic  pressure  can  be 
obtained  by  integrating  Equation  (47)  over  the  positive  pressure  region,  namely. 


F„  1 _ gt"  l'  X cos  0 - \ sin  0 ' sin  0 > . 

F ' ~ 2C  ’ ( 1 -t  ( cos  OV  ' cos  0 ^ 

ft. 


The  shearing  stress  at  the  cage  bore  is 

U|,t  “ 11.  h 1 ;ip 

^ h ^ 'W 


(fiO) 


(Til) 


and  the  resulting  force  components  are  computed  from 


I 


^ rn 

Frv 


./2  H, 

.1  .r 

•/2  fl, 


g (u)iii  — u), ) 

h 


Jl  iUI 

2 i\0 


cos  0 
-sin  0 


dfldz  (.'i2) 


The  torque  induced  by  fluid  friction  is  given  by 


1/2  H, 


*/2  H, 


g (wiH  Ul,  ) h ilp 

1; ^ 


RdWdz 
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(r,3) 


2.  Roller/Cage  Hydrodynamic  Contact  Model 


I'he  rollers  interact  wit  h t he  ea^te  at  four  places — at  I he  two  fore  and  aft  cross-har  siirlaces 
and  at  the  two  side  pocket  walls,  {'ontact  between  the  roller  ends  and  the  sidewalls  of  the  caf;e 
pocket  will  he  handled  hy  the  finite  element  model  formulated  in  Section  .Xs  for  the  other 

contacts,  one  may  adopt  the  infinitely  long  hearing  assumption  to  simplify  the  generalized 
Reynolds  equation.  This  approximation  is  acceptable  for  the  present  problem  since  the  roll(‘r 
letigth  is  substantially  larger  than  the  circumferential  extent  of  the  hydrodsiiamic  film  at  the 
roller/cross-har  interface.  This  reduces  the  problem  to  that  of  determining  the  pressure  and  shear 
distribution  between  a cylinder  and  a plane.  For  the  case  at  hand  it  is  desirable  to  take  into 
account  the  taTigential  and  the  normal  relative  velocities  between  the  cage  and  the  roller. 
However,  the  solution  for  this  particular  problem  is  not  available  from  the  literature  and  is 
develo|)ed  herein  to  .satisfy  the  needs  of  this  program. 

Referring  to  figure  14,  the  simplified  Reynolds  ecpiation  in  the  local  coordinate  system  is: 


n 


;ix' 


h^  JUL 

H 'IX' 


(U,  f U.)  h 


12  (V,  - V,) 


( :.  1 1 


where 

Ur,  U,  = velocity  components  of  the  roller  and  t he  cage  pocket  wall,  respect  ive- 
ly,  in  the  x'  direction 

Vr,  V,  = velocity  components  of  the  roller  and  the  cage  pocket  wall  in  the  v 
direction 

h = h (x  , z',  t)  = film  thickness 


Fifiurv  [4.  Coordinate  System  for  Roller/Caf’e  Hydrodynamic  Contact  Model 
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The  hotmdarv  conditions  arc: 


at  X ^ X,.  (film  rupture) 


))  = P. 


X 0 (entrance)  p - I>;i 


Solution  of  Kquations  (54)  and  (55)  is,  in  dimensionless  (orm 


2 U 4 V 


(1  ♦ 0)* 


1 _ 


(i-„^)‘’  V 1 ^ 6 • 


l’  t)  (2  V4  T))  (1  ‘ (>>  (]  (-,(;) 


(1  i/'M" 


where  the  integration  constant,  C,  is  determined  by  the  boundary  Equation  (55),  The 
dimensionless  variables  are  defined  as  follows: 

p _ (P  Pa)  Itmiii 


(U,  + II,.) 


(V,  - V,) 


The  net  force  components  acting  on  the  cage  are  obtained  from  the  following  relationship: 


Fn  = ^ - f Pdr, 


The  corresponding  tangential  force  due  to  shear  can  be  evaluated  approximately  from 

_ f r u,.  + n + 5)»  ( J _ vTfjT)  ^1 

1+6  • L 26  ^ 1+5  ''  d,  J 


yfo  1 - 


In  general,  the  pressure-induced  term  in  Equation  (58)  is  negligible  as  to  the  pure  shear 
term.  Thus,  considering  the  shear  term  only  simplifies  this  equation  as  follows: 


_ n u,,  R,  L j-'  IT  + 
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When  the  roller  skews  in  the  cage  pocket,  as  shown  in  figure  ir)a.  the  film  thickness  along 
the  roller  face  is  no  longer  constant  in  the  local  axial  direction.  A nonparallel  condition  would 
result  in  a restoring  moment  being  applied  to  the  roller,  in  addition  to  the  force  system,  due  to 
a shift  of  the  center  of  pressure  in  the  oil  film.  This  situation  can  he  treated  approximately  hy 
dividing  the  roller  into  a number  of  axial  laminae,  each  with  an  ecpiivalent  film  thickness,  as 
shown  in  figure  15h  and  applying  the  long  hearing  solution  to  each  of  these  laminae.  The  total 
skewing  moment  is  then 


M 

M.  = Fn,  r, 

I I 


(hO) 


Fiflurr  In.  Treatment  of  Skewed  Roller 


The  total  force  is  found  by  summing  the  force  contribution  of  each  lamina,  i,e.. 


( 


Fn 

F, 


= ) 


I Fn,  I 


(fill 


3.  Roller/Flange  Hydrodynamic  Contact  Model 

Roller  tracking  control  is  critical  for  high  speed  applications.  The  roller  guide  flanges  must 
limit  roller  centerline  skewing  without  causing  excessive  contact  forces  on  the  roller  end  surfaces. 
Experimental  studies  conducted  at  Pratt  & Whitney  Aircraft  have  identified  eccentric  roller  end 
wear  as  one  of  the  primary  failure  modes  of  roller  hearings  operating  at  high  DN  levels. 
Experimental  and  analytical  results  recently  obtained  suggest  that  this  tyjte  of  failure  is  most 
probably  a result  of  dynamic  interaction  among  the  contacting  bearing  components.  The  studies 
also  show  that  mass  unbalance  in  the  roller,  due  to  manufacturing  imperfection,  can  promote 
roller  skewing,  while  a properly  designed  guide  flange  may  generate  sufficient  lluid  film  stiffness 
and  damping  to  limit  the  amplitude  of  the  roller  skewing  motion.  This  supports  the  belief  that  a 
better  understanding  of  the  characteristics  of  the  oil  film  at  this  interface  is  required. 
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Intuitively,  it  seems  possible  that  the  mode  of  contact  at  the  roller/guide-nanne  interface, 
illustrated  in  figure  16,  could  he  either  hydrodynamic,  elastohydrodynamic,  or  purely  elastic  in 
nature.  However,  an  analysis  for  either  of  these  problems  is  not  currently  available  and 
development  of  a representative,  yet  tractable,  analytical  model  is  a major  undertaking  because 
of  the  extreme  complexity  of  the  associated  geometry  and  surface  motion.  A finite  element  model 
has  been  developed  to  rei)resent  the  hydrodynamic  contact  problem  as  a lirst  step  towards  the 
goal  of  acquiring  .some  understanding  of  the  lubrication  mechanism  at  this  interface.  This  type 
of  analysis  is  ideal  for  the  present  situation  because  it  can  be  developed  in  such  a manner  as  to 
include  the  effect  of  surface  motion  in  three  dimensions,  as  well  as  providing  the  cai)abilily  lor 
handling  the  complex  geometry  and  fluid  film  distribution  caused  by  the  guide  flange  layback 
angle,  the  compound  or  higher  order  surface,  and  roller  skew. 

Neglecting  the  effect  of  body  forces,  and  assuming  no  surface  diffusion  since  the  subject 
bearing  is  not  permeable,  the  generalized  Reynolds  equation  can  be  reduced  to  the  following 
vector  form : 


where 


U = 


I'xr  + Ux, 


1 4 


V 4 V 
2 


= u. 


4 


(62) 


(6:i) 


and  i.  j are  unit  vectors  in  the  local  coordinate  system.  The  general  hotmdary  conditions  are 


p = p„  on  S„ 


(641 


Q = h ( U - p)  ■ n on  <6r>) 

in  which  Sp  and  Sy  represent,  respectively,  where  the  pressure  or,  the  flow  boundary  condition 
apf)lies  and  n is  the  unit  normal  vector  of  the  boundary  surface. 
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According  to  the  variational  principle,  the  solution  ot  Kcpiations  (til'l  ihroiigh  (tiol  is  I he 
function  p that  sati.sfies  the  pre.ssure  boundary  coiiflition  and  inininiizes  the  functional: 


I ( p - hli)  . V I>  . p 

' 2-ti/  ' I't 


where  "a”  defines  the  domain  of  the  system  or  I he  element  as  the  case  may  he.  K(|uat  ion  Kitil  can 
be  discretized  by  introducing  finite  elements  of  polygonal  shape  in  the  solution  domain.  In  the 
present  analysis,  a most  elementary  three-node  triangidar  element,  as  shown  in  ligure  17.  has 
been  selected.  The  discretization  process  involves  the  development  ot  expressions  within  each 
element  for  the  pressure  and  other  lorcing  functions  in  Ktpiation  (fib)  in  terms  of  t he  interpolation 
function: 


a,  2 h,  X 4 Ci  y 


i = 1.  2.  :( 


where  the  coefficients  a,,  b,  and  c,  are  functions  of  the  nodal  position  and  A is  the  area  of  the 
triangle.  One  may  now  formulate  the  variables  such  as  p in  Equation  (fifi),  in  standard  finite 
element  method  notation,  as: 


P = |N|  IpI 


Substituting  Equation  (fi?)  into  Fl()uation  (68).  and  similar  expressions  for  other  variable.-' 
in  Equation  (66),  and  minimizing  the  functional  for  one  clement,  one  obtains,  after  rearranging 
the  terms,  a set  of  element  equations  of  the  form: 

|K„|  Ipl  = lq|  - |K„J  lU.I  - !U,|  - 1K,;|  |h|  (69) 

The  K’s  in  Equation  ((59)  are  X 8 matrices  and  the  variables  are  8 x i column  matrices. 
Furthermore,  the  coefficients  in  h5quation  (69)  are  often  quite  complex,  e.g.: 


h^  / aN,  .-'N,  ^ aN,  aN,'\ 

12^1  ' ax  ax  ay  ay  ' 


q,  = .1  QN,  ds 


(■  aN| 

Kuy„  = - .1  h — N,  da 


= - 


N,  N,  da 
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The  finite  element  model  developed  for  the  entire  lliiid  film  reftion  then  requires  one  to 
assemble  the  preeedinf;  equations  for  a discrete  element  into  a system  equation.  This,  tofjether 
with  appropriate  boundary  conditions,  fully  defines  the  |)re.ssure  at  each  nodal  point.  The  normal 
or  tangential  forces  and  the  location  of  the  center  of  pressure  are  symbolically  given  by: 

P’n  = .1  p(x.  y)  dA  •"■'il 


F 


A 


M 


I'i 

('<z 


(u  , + 


h 

dA 


(761 


and 


X 

y 


p (x,  y)  dA 


(77) 


where  A indicates  the  domain  of  the  system. 

Equations  (75),  (76)  and  (77)  fully  define  the  force  and  moment  system  acting  on  the  end 
of  the  roller  and,  locally,  on  the  flange. 

4.  Roller/Race  Elastohydrodynamic  Contact  Model 

Contact  between  the  roller  and  the  race  is  elastohydrodynamic  (EHD)  in  nature,  as  reported 
liy  numerous  authors,  such  as  Dowson  and  Higginson®,  on  this  subject.  In  order  to  select  a 
suitable  model  to  account  for  this  effect,  Pratt  & Whitney  Aircraft  Croup  has  enlisted  the 
experti.se  of  Battelle  Columbus  Laboratories  (BCD. 

a.  EHD  Film  Thickness  Model 

Battelle  Columbus  Laboratories  reviewed  the  EHD  film  thickne.ss  models  available  from 
the  literature  and  recommended  the  use  of  a model,  correlated  by  Loewenthal,  Parker  and 
Zaretsky'  as  follows: 

H K,  O'"®  P„  0, 


where 


fi 

R 

Ph 

E 

0 


normalized  minimum  film  thickness  = h„,i„/R 

( \ 1 'j  ‘ . 

equivalent  radius  = 1 p 4 -5 — / , m. 

' Hr  rt„  ' 

normalized  maximum  Hertz  stress,  Ph/E 

( 1 “ I'i’ 

reduced  modulus  of  elasticity  = ( F * 

' ;rr>, 

normalized  si)eed  I'/E  R 


i ~ yz 


TtEj 


-) 


psi 
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U = mean  surface  speed,  in./sec 
K|  = empirical  lubricant  constant 
0,  = stress  factor  = Pj,  (150  - 27,50  P„)  4 0.800 

Kcpiation  (78)  was  developed  from  experimental  data  obtained  for  several  tliiids.  For  Type 
II  ester,  the  constant,  K|,  in  the  above  equation  has  a value  of  18.2  according  to  Loewenthal,  et. 
al.'  P’or  Type  I luhricant,  the  value  of  Kj  is  not  available  from  the  oi)en  literature  and  therefore 
is  a user-supplied  item  In  the  event  that  the  user  does  not  have  any  information  on  the  value  of 
K|  for  Type  I oil,  then  the  value  of  10.9  is  recommended.  Cheng"  and  Wilson  have  developed  an 
additional  factor,  defined  as  0,,  to  account  for  large  inlet  heating  effects;  however,  it  was  found 
that  results  computed  from  Eiquation  (78)  agree  reasonably  well  with  test  data  if.  and  only  if,  the 
thermal  reduction  factor  was  not  included  in  the  computation.  As  a result  it  was  decided  at  this 
juncture  to  exclude  this  factor  from  the  present  model. 

b.  END  Traction  Model 

An  indepth  review  of  existing  KHD  traction  models,  as  summarized  by  McCrew.  et.  al.". 
was  made  by  P&WA  and  BCL.  It  was  observed  that  although  the  models  proposed  bv  various 
authors  seemed  to  yield  reasonable  agreement  with  experimental  data,  the  agreement  is  usually 
limited  to  a narrow  operating  range  or  to  a specific  hearing  design  or  to  a specific  lubricant  tvpe. 
Furthermore,  the  models  are  generally  complex  and  requore  numerical  integration  across  the 
contact  region.  Such  a numerical  integration  scheme  would  undoubtedly  increase  the  retpiired 
computational  time  because  of  the  large  numbers  of  KHI)  contacts  in  a roller  hearing.  For  reasons 
of  computational  efficiency  a closed-form  solution  was  sought.  Hattelle  Columbus  Laboratories 
suggested  that  the  following  model  developed  by  Kannel  and  Walowit"  is  probabh  the  simplest 
available  that  still  provides  an  acceptable  solution: 

e "*’1  Au  I sinh  ' A 

T = ; rJ— . ( (9) 

A h„„„  sA  + 

where 

M..  = reference  viscosity  at  ambient  pressure,  tb, -sec/in.* 
a - pressure-viscosity  coefficient,  (psi)"' 

Au  = relative  surface  velocity,  in. /sec 

f n.,  b e>'f’  \ " . 

= I 8K ) 

h = temperature-viscosity  coefficient,  (F)  ‘ 

K = lubricant  thermal  conductivity,  Btu/sec-in.-F 
P = mean  Hertzian  pressure,  psi 
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The  traction  force  f)er  unit  contact  leiifith  is  represented  l)\ 

F,.  J rdx  («()l 

where  a Hertzian  half-width 

Kurt  her  examinat  ion  ol  Fapiations  t79)  and  (80)  and  coinparison  ol  Calculated  results  froiTi 
these  equations  with  previous  I’&VV'A  in-house  experimental  data  indicates  that  this  model  is 
applicable  to  the  low-slip  re^tion  only. 

It  was  concluded,  therefore,  that  a practical  and  more  reliable  means  lor  obtaining'  Kill) 
traction  forces  over  a wider  ratifje  of  heariiif;  design  and  operating  conditions  woidd  he  a system 
that  would  permit  direct  interpolation/extrapolation  of  the  a\ailal)le  experiTiiental  data.  .Since 
the  KHI)  traction  force,  as  [iresented  in  various  articles  " is  hasicallv  a function  ol  four 
variables  (rotational  speed,  slip  velocity,  contact  pressure,  and  temperaturel.  a Idur-dimensional 
interpolation  scheme  was  therefore  developed.  A linear  interpolation  method  has  been  adopted 
for  use  with  the  B('K/P&\V.A  data  as  the  basic  ini)ut.  The  computer  program  is  ilexihle  enough 
to  permit  the  inclusion  of  any  additional  user-supplied  data  as  desired. 

5.  Elastic  Impact  Model 

It  is  assumed  that  impacts  between  the  roller  and  the  cage,  as  well  as  between  the  cage  and 
the  inner  ring,  are  purely  elastic  in  nature  with  no  corresjionding  loss  in  etiergy. 

The  force-deflection  relationship  is  then  of  the  following  form: 

P i-h" 

The  cla.ssical  impact  theory  gives  the  maximum  dellection  A,„  and  the  duration  of  impact  t, 
as. 


181 ) 


I8'.»l 


Kquations  (81)  and  (82)  are  used  to  adjust  the  time  step  ol  integration  when  any  one  or  a 
number  of  rollers  are  in  contact  with  the  cage. 


43 


D.  DEVELOPMENT  OF  DYNAMIC  MODELS 


1.  Cage  Dynamics  Model 

As  noted  earlier,  the  motion  ol'a  hearing  ea^e  is  siihjeeted  to  the  inniieiiee  ol  a verv  complex 
force  system, 

I'he  forces  considered  in  the  present  analysis  are  illustrated  in  I'ij'iire  IH.  'I'hese  consixi  of: 

• Fluid  pressure  and  shear  forces  generated  at  the  cage/llange  interlace 

• Fluid  anti 'or  elastic  forces  at  the  cage/roller  interface 

• (Iravitational  force 

• f'nhalance  force 

• Inertia  force. 


Fifiurv  IH.  Force  System  for  Cof’e  Dynamics  Model 

With  these  forces  supplied  by  various  models  developed  in  the  preceding  sections,  one  may 
proceed  to  derive  the  erpiation  of  motion  for  the  center  of  mass  of  the  cage, 

a.  Coordinate  Systems  and  Transformations 

In  the  analysis  of  problems  related  to  dynamic  systems,  it  is  itn|)ortant  to  select  a coordinate 
system  in  which  the  physical  problem  considered  can  he  formulated  mathematically  with  the 
least  degree  of  computational  complication.  Quite  often  this  rleirends  u|)on  the  relative 
coniplexity,  in  terms  of  the  number  of  com  [rut  at  ions,  between  the  inertial  acceleration  terms  and 
(he  forcing  functions  in  the  evaluation  of  (he  [rertinent  erpiations  of  motion. 
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For  the  catje  problem,  the  coordinate  systems  selected  are  shown  in  fifiiire  19  in  which  the 
XYZ  coordinate  system  is  the  absolute  inertial  frame  of  reference,  the  X YZ  coordinate 
represents  a translatory  frame  of  reference  with  its  orifjin  fixed  at  I he  center  of  mass  of  the  cage, 
(), , and  its  axes  are  always  [tarallel  to  the  inertial  frame.  'I'he  X,Y,  Z,  frame,  however,  is  a body 
frame  of  reference  with  its  origin  fixed  at  This  coordinate  system  is  chosen  such  that  the  axes 
X,..  Y,.,  Z,.  are  also  the  princiiial  axes  of  the  cage  and  are  rotating  together  with  the  cage  at  an 
angular  velocity,  lo,  , with  respect  to  the  inertial  frame.  V'ectors  i,  j.  iT  and  I.  -I,  K are  the  unit 
vectors  in  the  X,.Y,.Z,.  and  XYZ/X  Y Z frames  respectively. 


Fifiurr  19  ('oordinair  System  for  Cafte  Dynamics  Model 

The  transformation  from  the  body  frame  X,  Y,  Z,  to  the  inertial  frame  XYZ  is  defined  by  the 
FiUler  angles  i^,  ft.  ip  ns  shown  in  figure  20. 

In  mathematical  form,  one  has 

IX,  I k.l  |«,||,^,  I I X I IHli) 
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The  relationship  between  the  angular  velocities  of  the  rotatiiif;  frame  X,  V,  Z,.,  and  hence  the 
case,  and  the  stationary'  frame  XYZ  or  the  translatory  frame  X Y Z is 

w.  I / 0,  I 

Wy  J = IT,1  I (),  I (H«) 

u>7  0, 


The  transformation  matrix  I'l',  | is 
|T,|  = 


1 
0 

L 0 


1)  -sinff, 

C()S0,  cos#,.  sin0, 

- sin0,  COS0,.  COS0,. 


and  the  inverse  relationship  is 
= (T..|  ' i 


<^Xi' 

ijOyC 


(9<l) 


b.  Equations  of  Motion 

The  motion  of  the  cage  center  of  mass  is  governed  by  the  following  e(|uation 


M, 


d^'R, 

dt^ 


F.. 


where  H,  is  the  position  vector  and  the  forcing  function  F,  is  given  by 


(91) 


F, 


F, 


F, 


F, 


F, 


(9‘2) 


In  the  above  ecpiation.  F,  represents  the  hydrodynamic  normal  and  shearing  forces 

generated  at  the  cage/llange  interface  as  indicated  in  figure  18.  This  force  is  evaluated  in  an 
intermediate  rotating  frame  with  one  of  its  axes  passing  through  the  center  of  mass  of  both  the 
cage  and  the  shaft  section  in  the  following  sequence,  e.  g. 


liocal  t9:i) 

Coordinate  System 


('age  (94) 

Coordinate  System 

Inertial  (95) 

(’oordinate  System 


'I’he  force  F,  tbt<‘  to  a concentrated  unbalance  mass  is  given  bv 


F, 


UllhtlllUK’i' 


M 

N 


m. 


^R^ 
d c 


(9);) 
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where  subscript  “i”  denotes  quantities  associated  with  the  i"*  unbalance  mass.  Since  the  position 
vector  r,,  of  the  unbalance  mass,  m,,  in  the  cage  coordinate  system  is  constant,  the  acceleration 
term  can  be  expressed  as  follows; 


d^a,,  _ d^R, 

dt^  " dt^ 


dll' 

dt 


X r,  4 oir  X ( w'  X r,  ) 


(97) 


Furthermore,  both  il,.  and  r,,  which  are  normally  expressed  in  terms  of  unit  vectors  in  the  local 
cage  coordinate  systems,  need  to  be  tran.sformed  into  the  inertial  coordinate  system  before 
separating  F'quation  (97)  into  component  form. 

The  roller  force  F, is  to  be  determined  simultaneously  with  the  roller  dynamic  analysis 

and  the  associated  contact  models,  while  the  generalized  force  field  F,.  ,„h,.r  is  reserved  for  future 
de%elo[)ment  to  account  for  other  forces  not  included  in  the  present  analysis.  The  gravity  force 
F,  is  simply 


F,.  „rHv(iy  = -M,.  g .T  (98) 

This  force  is  very  small  as  compared  to  other  forces  excei)t  when  the  cage  is  under  initial 
transient  operation. 

The  equations  of  motion  for  angular  motion  are  desired  in  the  cage  fixed  frame.  X,Y,  Z,  , 
which  is  also  the  principal  axes  system  of  the  cage.  The  equations  are  therefore 


dh,„ 

fit  X,.,  y,.,  z, 


-I-  ui,.  X h,„.  = M,„ 


(99) 


where  the  subscript  denotes  quantities  defined  in  the  cage  frame  and 
h,„  = angular  momentum  of  the  cage 

M,„  = net  moment  acting  on  the  cage 

— M,.  finny,.  4-  M,.  unhiilHiK-f  1^,.  mil,.. 

In  component  form,  Flquation  (99)  reads 

I,,  — ^ 

I,y  M,.y  t (I,,  - l,y)W,.yUf,.  (101) 

F’(juations  (91),  (99)  and  the  extremely  complicated  forcing  functions  are  solved  simultane- 
ously with  the  ap()licati(j^^^^^he  modified  Hammings  predictor-corrector  method.  Note  that  the 
mimerical  procedures  and  final  presentation  of  the  data  also  involve  frecpient  multi|)le 
transformations  of  the  variables  and  ciH'fficients  from  one  coordinate  system  to  another. 


4 M,. 


(100) 
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I)evelo|)ment  of  a computer  profjrani,  ('AltYN,  based  on  this  analysis  is  basically  complete. 
The  program  was  developed  for  analyzing  the  six-degree-of-freedom  cage  motion.  The  in-plane 
motion  portion  of  the  program  has  been  fully  debugged  and  is  conijiletely  functional.  Debugging 
of  the  six-degree-of-freedom  version  has  yet  to  he  completed. 

('.ADYN,  as  it  stands  now.  can  nevertheless  he  used  to  establish 

• Basic  cage  geometry 

• Lubricant  re()uirements  '' 

• .Allowable  cage  unbalance 

• Required  rating  of  the  lubrication  system  oil  filter  ba.sed  on  the  oil  film 
thickness. 

C.ADYN  can  be  used  to  predict  the  transient  dynamics  and  steady-state  motion  of  the  cage 
so  that  stable  operation  can  be  maintained  at  the  cage/land  interlace,  and  the  minimum  oil  film 
thickness  can  be  ascertained  for  compatibility  with  the  rating  of  the  oil  filter  selected  for 
minimum  wear.  Thus  the  development  of  CADYN  represents  a significant  achievement,  since 
traditionally  bearing  cages  have  been  designed  without  any  consideration  of  cage  dynamic 
performance. 

2.  Roller  Dynamics  Model 

The  force  .system  acting  on  a roller  is  even  more  complex  than  that  acting  on  a cage,  as 
clearly  indicated  in  figure  21.  'I'he  forces  considered  in  the  work  comi)leted  thus  far  are 

• Hydrodynamic  fluid  pressure  and  shear  generated  at  the  roller/cage  interface 

• Hydrodynamic  fluid  and/or  elastic  forces  at  the  roller/flange  interface 

• EHI)  forces  at  the  roller/inner  race  and/or  roller/outer  race  interface 

• (Iravitational  force 

• Unbalance  force 

• Inertia  force. 

('omponents  of  this  primary  force  system  are  comi)uted  from  various  models  established  in 
the  other  sections  of  this  report. 

a.  Coordinate  Systems  and  Transformations 

The  coordinate  systems  .selected  for  analyzing  the  roller  dynamics  problem  are  shown  in 
figure  22.  Similar  to  the  cage  coordinate  system,  the  local  c(M)rdinate  xyz  is  a roller  body  frame 
of  reference  with  its  origin,  O^.  fixed  at  the  center  of  mass  of  the  roller.  Angidar  motion  of  the 
roller  is  to  be  analyzed  in  this  reference  frame.  However,  the  translatory  motion  of  (),  is  to  be 
determined  with  a cylindrical  co('rdinate  system,  which  is  rotati.ig  with  an  angular 

velocity  WK  in  the  inertial  reference  frame.  The  position  vector  for  Dr  is 

Rr  Rr  ir  » Zr  K (102) 
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X 

r 


Fifiarr  22.  Roller  Coordinate  System 

The  h'ulerian  transformations  of  the  X^Y^Zr  frame  into  the  XYZ,  and  the  X YZ  (fames  are 
similar  to  those  f;>ven  in  Equations  (85)  through  (87).  The  relationship  between  the  time 
derivative  of  the  Eulerian  angles  and  the  angular  velocities  of  the  roller,  and  therefore  the  Xr5'rZr 
frame  of  reference,  expressed  in  terms  of  the  local  coordinate  system,  is  similar  to  that  given  by 
Equation  (90).  Flxpressions  for  these  functional  relationships  are  therefore  omitted  here  for 
conciseness. 

b.  Equations  of  Motion 

Referring  to  figure  22,  the  translatory  motion  of  the  center  of  mass  of  the  roller.  (),.  is 


M 


rk 


d^K 

dt'  ' 


(lo:)) 
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With  the  aid  of  Kqiiation  (102).  the  ieCt-hand  side  (if  the  above  ecjiiation  becomes 


d R„ 
dt^ 


(K,k  - R,k  1)^)  Irh  f (RrkW  + 2Rrk  <>>  I(/k  * Z K 


(104) 


The  forcirifj  function  in  hxiuafion  i represents  the  net  force  acting  on  the  roller  and  is  of 
the  following  form: 


hfk  h rk  fnk<*  ^ h'rk  OfifiK*'  ^ f'rk  inner  rfnn  4 F'rk  nnlnr  r;n 

^ 1^  rk  krnvily  t Ppk  unhnlHiirt'  4"  Fpk  nthtT 


(105) 


Almost  all  the  forces  shown  in  the  above  eepiation  are  derived  in  some  local  coordinate 
system.  It  is  necessary  to  transform  each  of  these  forces,  such  as  those  presented  by  the  first  four 
terms  and  the  last  term  in  Equation  (105).  from  the  coordinate  system  in  which  they  were 
computed  into  the  rotating  cylindrical  coordinate  system  RWZ.  This  may  require,  at  times,  several 
successive  transformations  of  the  variables  in  question.  7'he  gravity  force  is  given  by 


Frk  krnvny  = My  g ( - COS  f/k  Ek  + sin  0^  I„|<)  (105) 

The  expression  for  the  unbalance  force,  Frk  uniwimni-  is  s]ightly  more  complicated.  Eet  Mrk 
denote  the  jth  unbalance  mass  in  the  kth  roller  and  tv,k  and  Rrik.  its  position  vector  in  the  roller 
body  and  the  cylindrical  frame  respectively.  Then 


F 


rk 


unhtiloDiM* 


mjk 


d’’  Rr)k 
dt» 


(107) 


Since  R, ik  ^ Rrk  + rnk  and  both  Rr  and  Cr,  are  in  their  respective  rotating  frames,  the 
absolute  acceleration  in  Equation  (107)  becomes  rather  complicated,  i.e. 


d^  Rrik 

dt’ 


d^  Rrk 
dt» 


(»rk 


X 


t*rjk  4"  UIrk  X ((Vrk  tC  r^k) 


(lOH) 


The  differential  equations  governing  the  angular  motion  of  the  rollers  are  derived  in  the 
roller  frame  and  are  similar  to  Equation  (101),  namely: 


Irkk  ^'^rkk  Hrky  Ekk)  (*^rky  Wrkk 


Uy  = Mrky  t (^kk  " Ek.)  ^rkk  UIrk 


(109) 


Ekk 


d Wrkz 

dt 


Mrkk  + (Irkk  ~ ^rky)  <*«'rhv 
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'I’he  moment  components  Mrk,.  and  Mrn,  represent  the  net  contribution  from  the 

followint;: 

• EHI)  film  at  the  inner  or  outer  race  due  to  misalighment 

• EHI)  or  hydrodynamic  films  or  dry  contact  reaction  from  the  foller/flanfje 
shoulder  interface 

• FHI)  and/or  hydrodynamic  film,  similar  to  those  above,  from  the  foller/cage 
pocket  interface 

• Mass  unbalance 

• Others. 

Note  that,  again,  these  moments  are  computed  in  the  local  frame  of  reference  and  that  they 
have  to  he  transformed  into  the  roller  body  frame  before  one  may  proceed  to  integrate  these 
equations.  The  details  of  these  transformations  are  not  presented  here  due  to  their  unusual 
length. 


SECTION  VI 


COMPUTER  PROGRAM  DEVELOPMENT  — TASK  I 


A.  GENERAL  DESCRIPTION 

Development  of  the  overall  roller  bearing  design  and  simulation  system  is  progressing 
smoothly.  Updating  or  development  of  the  following  computer  programs  is  practically  complete: 

• Quasi-static  analysis  computer  programs 

• Fluid-film  contact  simulation  computer  programs 

• Transient  and  steady-state  cage  dynamics  prediction  computer  programs 
These  programs  can  now  be  used  independently  in  bearing  design. 

The  roller  dynamics  program,  RODYN,  and  the  systems  dynamics  program,  SYSDYN, 
have  been  developed  in  their  basic  forms  and  are  currently  being  refined.  The  general  philosophy 
adopted  in  the  development  of  the  programs  is  that  user  convenience  is  considered  to  be  of  the 
utmost  importance.  Emphasis  is  being  placed  on  a number  of  user  convenience-related  factors  as 
described  in  tbe  following  paragraphs. 

1.  Modularized  Program  Structure 

Motion  of  the  rolling  elements  and  the  cage  is  dictated  by  a compir'x  force/momenf  system. 
Accurate  prediction  of  these  forces  and  moments  requires  an  in-depth  understanding  of 
interdiscip)inary  engineering  subjects  such  a.s  ela.sticify.  dynamics,  heat  transfer, 
thermodynamics,  fluid  mechanics  and  tribology.  Many  of  the  subjects  involved  could  demand 
the  work  of  one’s  lifetime  as  the  technologies  are  not  available  at  the  present  time. 

Under  these  circumstances,  P&WA  conceived  and  elected  to  develop  the  recpiired  computer 
progams  based  upon  a “modular”  or  “building  block”  concept.  The  basic  thinking  employed  is 
to  break  up  the  entire  program  into  a number  of  interacting  computer  “modules."  Each  module 
is  to  provide  information  obtained  from  one  of  the  analytical  models  which,  in  turn  is  fleveloped 
according  to  the  latest  state-of-the-art  in  the  related  disciplines.  In  some  instances  it  was  found 
necessary  to  develop  an  entirely  new  and  original  analysis  not  available  elsewhere.  The  advantage 
of  employing  this  type  of  modular  concept  is  apparent.  Above  all,  this  will  permit  one  to  update 
the  individual  modules,  as  needed,  to  reflect  technological  advances  and  developments  in  a 
specific  area  without  having  to  change  and  sometimes  disturb  the  entire  system. 

The  entire  program,  hereafter  referred  to  as  T’RfBO  f,  consists  of  \'arious  levels  of  com|)uter 
modules  as  illustrated  symbolically  in  figure  .'1.  The  main  program,  TRIHO  1,  is  a command 
module  which  controls  the  flow  of  the  entire  program  and  the  general  input  Amt  put . There  are  two 
major  first-level  management  programs,  STATIC  and  SYSDYN,  controlling  ini)utAmtput  and 
computation  related  to  the  static  and  the  dynamic  analyses  respectively.  Each  of  these  programs 
is  supjmrted  by  a certain  number  of  .second-level  management  programs  such  as  ROD^'N  and 
CADYN  which  are  simulating,  respectively,  the  roller  and  cage  dynamics.  These  programs  are 
further  fed  by  a cluster  of  lower-level  management  or  working  programs,  and  so  on. 

2.  Partial  Computation 

During  the  course  of  the  investigation,  it  became  apparent  that  because  of  the  complexity 
of  the  system,  the  computer  time  required  to  run  the  entire  program  in  its  final  form  may  be  as 
high  as  several  hours  per  case.  It  was  decided,  therefore,  to  structure  TRIMO  1 in  such  a way  as 
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to  allow  partial  conipiitation.  This  was  done  in  recognition  ol  the  tact  that  substantial  cost 
savings  could  he  realized  if  some  of  the  individual  modules  could  he  used  independently  to 
provide  preliminary  design  of  the  hearing  components.  The  larger  main  computer  program  could 
then  he  used  to  zero  in  on  the  final  detailed  design  configuration  of  the  hearing  system. 

The  cage  dynamics  comituter  program.  C AftYN.  for  example,  is  one  oft  he  modules  that  can 
he  used  to  establish  the  basic  cage  geometry,  lubricant  reftuirements,  allowable  cage  unbalance 
and  required  rating  of  the  oil  filter. 

3.  Interaction  with  User-Supplied  Systems  or  Data 

Provisions  have  been  made  in  the  computer  program  to  allow  the  user  to  supply  certain 
items.  For  example,  the  structural  and/or  thermal  analysis  of  a hearing  may  require  the  use  of 
complex,  large-scale  computer  [irograms  such  as  those  developed  on  the  basis  of  finite-element 
methods.  The  subject  computer  analysis  allows  interaction  with  such  programs.  The  user  may 
also  elect  to  supply  externally  generated  data  for  inclusion  in  the  i)rogram. 

4.  Internally  Supplied  Optional  Programs 

Because  of  the  concern  over  the  computer  time  required  to  run  such  a large  scale  program, 
it  has  been  the  intent  of  this  effort  to  develop  subprograms  based  upon  sintplified  or  approximate 
solutions  for  certain  purposes  such  as  the  estimation  of  structural  flexibility.  The  user  may  elect 
to  use  either  this  option,  or  supply  direct  input  of  externally  generated  data,  or  connect  this 
program  to  another  external  program.  The  simplified  analyses  are  found  to  be  <)uite  adecpiate  for 
most  ap|)lications,  especially  during  the  early  design  stage  of  bearing  development. 

5.  Computational  Efficiency 

It  is  anticipated  that  use  of  the  entire  computer  program  will  be  relatively  time-consuming 
as  a result  of  the  complexity  of  the  physical  problem.  One  of  the  objectives  is.  therefore,  to  seek 
acce[)tablc  approximate  closed-form  solutions  to  reduce  comitutational  time.  This  (piite  often 
demands  a compromise,  as  a balance  is  sought  between  accuracy  and  computational  time. 

6.  Automatic  Time-Step  Adjustment  and  Cutoff 

An  algorithm  is  built  into  t he  program  to  select  the  best  estimate  of  t imc  steps  to  realize  fast 
convergence  when  integrating  the  dynamic  equations  of  motion  lor  the  system  or  the  componecls 

7.  User-Oriented  Output 

'f’he  user  can  also  select  pre.sentaf  ion  of  the  output  in  either  printed  or  plotted  form.  .Also, 
the  |)rinted  output  can  be  obtained  in  a condensed  summary  form  or  in  its  entiretv  at  the 
discretion  of  the  user. 

B.  PROBLEM  SOLVING  CAPABILITY 

As  mentioned  previously,  several  of  the  subsections  within  TTflHO  I are  operational  atid 
already  can  be  used  individually  in  the  bearing  design  process. 
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1.  Static  Program 


STATIC  is  the  overall  quasi-static  roller  bearing  optimization  program.  The  program 
ca|)nbilit.v  has  been  discussed  in  the  analysis  section  and  is  summarized  here  for  completeness. 
The  program  in  its  existing  form  contains  the  following  features: 

• Basic  elasticity  analysis 

• Freload/out -of- roundness  calculation 

• Ring  and  structural  nexibility 

• Misalignment  and- moment  load 

• Built-in  material  properties 

• Built-in  Type  I and  II  oil  properties 

• Static  skew  analysis 

• Roller  optimization 

• Oil  flow  optimization. 

As  a result  of  this  effort,  STATIC  has  become  the  most  advanced  and  powerful  roller  hearing 
design  t(M>l  available  to  date.  STATIC  was  employed  to  design  the  geometry  of  the  basic  bearing 
used  in  the  experimental  test  portion  of  this  program. 

2.  CADYN  Program 

The  transient  dynamic  and  steady-state  motion  of  the  hearing  cage  is  predicted  by  CADYN. 
The  in-i)lane  motion  portion  of  this  program  is  fully  operational.  During  the  course  of  its 
development,  the  uncoupled  cage  motion  was  checked  against  results  available  from  the 
literature  as  shown  in  figure  '2II.  The  agreement  is  extremely  good.  The  six-degree-of-freedom 
portion  of  the  program  is  still  under  development.  Nevertheless,  ('AD\’N,  as  it  stands  now,  can 
be  used  to  establish: 

• 

• Basic  cage  geometry 

• Lubricant  requirements 

• Allowable  cage  unbalance 

• Re(|uired  micron  rating  of  the  oil  filter. 

The  objective  is  to  ensure  stable  operation  of  the  cage  and  maintain  an  ade(|uate  oil  film  at 
the  cage/land  interface  for  minimum  wear.  Until  recently,  the  bearing  cages  have  been  designed 
by  bearing  manufacturers  without  any  consideration  of  their  dynamic  performance. 

Two  examples  are  given  here  to  illustrate  the  u.selulness  o(  ('ADYN.  1 he  basic  bearing 
assumed  is  a 121  mm  bore  cylindrical  roller  bearing.  The  baseline  conditions  assumed  lor  these 
cases  are: 


Ratio  of  Roller  Diameter  to  Inner  Race  Itiameter 
('age  Bore  Diameter 
Radial  Clearance 
Cage  Land  Width 

Initial  Displacement  in  the  X-direclion 
Initial  Displa<ement  in  the  Y-direction 
Initial  Velocity  in  the  X-direclion 
Initial  Velocity  in  the  Y-direclion 
Cage  Ma.ss 
Lubricant  Viscosity 


1/9 

r).()78  in. 

().(«)9  in. 

0.140  in. 

().(K)0  in. 

'0.799  in. 

O.OtKI  in. /sec 
0.000  in. /sec 
(l.  llo:!  lb,„ 

4.(1  V 10  ’ Ib-sec/in.' 
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a.  Example  1:  Effect  of  Cage  Speed 


For  these  examples,  the  shall  speed  is  varied  Irom  tu  21, (KM)  rpm  and  the  eafie  is 

perf'eetiv  halaneed.  The  results  eorrespondinK  t(.  this  case  have  heen  plotted  in  lltjure  21  which 
show's  that  the  ca^e  analyzed  will  operate  with  a nood  sized  minimnni  oil  I'ilni  of  several  mils  up 
to  a|)proximately  13,5(K)  rptn.  A Curl  her  increa,se  in  shall  speed  causes  the  minimum  oil  film  to 
drop  abruptly  indicating  the  onset  of  hydrodynamic  instahililv  Experience  from  rotor  dynamics 
technology  suggests  that  one  should  avoid  operating  rotating  components  under  sui  h potentially 
hazardous  conditions, 

I'he  results  show  that  the  minimum  oil  film  thickness  drops  down  to  approximately  0.1  to 
0.15  mil  in  the  speed  range  ol'  l(i.5(X)  to  24,000  rpm.  This  should  prompt  an  assessment  of  the 
adequacy  of  the  system  oil  filter.  'I'he  procedure  to  he  used  is  to  compiire  the  minimum  oil  film 
thickness  in  this  range  with  the  absolute  rating  of  the  proposed  oil  filter.  Examination  of  figure 
24  makes  it  apparent  that  a 2 ^m  absolute  filter  is  probably  needed  to  ensure  that  dirt  or  wear 
debris  contained  in  the  oil  could  pass  through  the  oil  film  freely  without  causing  cage  wear. 

There  is  some  uncertainty  abf)Ut  the  validity  of  the  theory  in  these  extremely  thin  film 
regions,  e.g.  whether  or  not  the  finite  whirl  orbit  is  indeed  a limit  cycle,  or  just  a mathematical 
solution  which  is  not  necessarily  valid  in  reality.  It  is  advisattle  therefore  to  redesign  the  cage 
under  these  circumstances  in  order  to  minimize  the  risk.  If  it  is  not  possible  to  redesign  the  cage 
or  prevent  it  from  operating  in  this  region,  then  an  oil  filter  with  the  finest  i)article  size  rating 
available  should  he  used.  Furthermore,  operation  of  this  hearing  should  he  monitored  very 
closely. 

b.  Example  2:  Effect  of  Cage  Clearance  and  Unbalance 

The  effects  of  both  cage  clearance  and  unbalance  were  also  studied  to  provide  the  design 
engineer  with  information  needed  for  selecting  the  proper  cage  clearance  and  establishing  the 
allowable  unbalance  level  for  stable  operation  of  the  cage  so  as  to  avoid  undue  wear  damage.  The 
results  plotted  in  figure  25  show  that  in  general  the  cage  minimum  oil  film  thickness  decreases 
with  increasing  radial  clearance.  It  is  interesting  to  note  that  the  rate  of  reduction  for  the  10-gm- 
cm  unbalanced  cage  is  less  than  that  for  a perfectly  balanced  cage.  Again,  the  data  indicate  that 
a “super”  filter  is  needed  to  exclude  dirt  and  wear  debris  that  could  bridge  the  oil  film,  causing 
surface  damage. 

3.  RODYN  Program 

Development  of  the  roller  transient  dynamic  and  steady-state  motion  simulation  system  is 
essentially  complete.  The  program  has  been  checked  out  for  the  case  of  an  uncoupled  single  roller 
moving  within  concentric  raceways.  The  geometry  used  for  the  test  case  was  taken  from  a typical 
124  mm  cylindrical  roller  bearing.  The  roller  was  assumed  to  move  momentarily  from  a set  of 
arbitrary  initial  conditions  under  the  influence  of  EHD  traction  forces  at  the  contact  points.  It 
was  anticipated  that  the  motion  of  the  roller  would  reach  a steady  state  corresponding  to  the  no- 
slip condition  regardless  of  its  initial  conditions.  Without  going  into  excessive  detail,  the  results 
are  tabulated  here  for  compari.son. 


Spin  Velocity  Orbital  Velocity 

(rpm)  (rpm) 


Case 

Initial 

Final 

Initial 

Final 

1 

100,000 

126,500 

8,(XX) 

10,950 

2 

150,(X)0 

126,500 

8,tX)0 

10,9,50 

3 

100,000 

126,500 

14,(MK) 

10,950 

4 

1,50,000 

126,400 

14,(KK) 

10,960 

No-slip 

126,600 
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— 

10,960 
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It  is  obvious  that  the  results  are  consistent  with  what  one  expects  from  such  a physical 
situation.  Further  refinement  of  the  computational  system  is  currently  underway. 

4.  SYSDYN  Program 

This  program  integrates  the  CADYN  and  RODYN  computer  modules  and  permits  full 
interaction  among  the  relevant  hearing  components.  The  program  is  operational  for  the  following 
combined  modes  of  operation: 


Shaft 

• 

Center  fixed  in  space 

• 

Constant  rotational  speed 

Cage 

• 

Spinning  Motion 

• 

Whirling  Motion 

Rollers 

• 

Spinning  motion 

• 

Orbital  motion 

• 

Skewing  motion 

'I'he  results  for  a simple  model  test  case,  consisting  of  the  rac  •ways,  cage,  and  lour 
hypothetical  rollers,  show  that  the  program  is  working  properly.  Work  on  further  refinement  to 
the  program  is  progressing  as  planned. 
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SECTION  VII 

PARAMETRIC  AND  VERIFICATION  TESTING  — TASK  II 


A.  PARAMETER  SELECTION 

The  main  obstacle  to  advancing  high  speed  roller  bearing  technology  is  related  to  roller 
element  skewing  and  skidding  and  the  resultant  wear  and  surface  damage.  Those  bearing 
variables  that  are  considered  as  having  an  influence  on  roller  skew  and  skid  have  been  identified 
in  this  study.  Quantification  of  the  influence  of  these  variables  is  the  objective  of  the 
experimental  portion  of  this  program.  A total  of  30  separate  variables  were  identified  and  are 
shown  in  table  2.  Operational  variables,  such  as  bearing  speed,  externally  applied  load,  or 
lubricant  temperature,  were  not  counted  in  this  total.  The  basic  categories  considered  were 
design  geometries,  including  internal  lubrication  arrangements,  manufacturing  tolerances,  and 
()uality  control  variables. 

It  was  apparent  that  any  experimental  program  of  reasonable  scope  could  not  address  a 
thorough  evaluation  of  all  30  variables.  Therefore,  some  judgement  had  to  be  made  as  to  the 
relative  importance  of  these  variables  in  order  to  reduce  the  list  to  manageable  proportions. 
Applying  certain  criteria,  the  list  of  30  variables  was  divided  into  three  categories,  which  are  also 
identified  in  the  table.  Category  I includes  14  variables  that  are  considered  to  have  the  greatest 
direct  influence  on  the  roller  bearing  wear  phenomena  normally  identified  as  skidding  damage 
and  roller  end  wear  of  either  the  uniform  and  concentric  type  or  of  the  uneven  and  eccentric  type. 
Category  11  is  composed  of  eight  variables  considered  to  have  less  direct  impact  on  wear,  and 
Category  HI  is  composed  of  eight  variables  judged  to  have  the  least  direct  effect.  The  criteria 
employed  in  making  these  assessments,  although  somewhat  subjective,  were  based,  in  a large 
measure,  on  experience  available  from  experimental  test  results  and  from  field  service  reports,  in 
addition  to  analytical  studies,  manufacturing  surveys  and  an  understanding  of  the  [ihysical 
phenomena  affecting  fundamental  bearing  behavior. 

'I'wo  groups  of  bearings  were  selected  for  evaluation  in  a statistically  designed  experiment. 
Kach  group  incorporatcfi  parameters  from  table  2 which  could  be  varied  in  a sensible  manner.  My 
varying  the  (larameters  in  a planned  manner,  it  is  possible  with  statistical  experiments  to  isolate 
and  rank  the  effect  produced  by  any  one  parameter  on  surface  damage  due  to  roller  skidding  and 
skewing. 

•A  statisticallv  designed  test  program  incorporating  the  fractional  factorial  method  was 
selected.  T'able  3 shows  the  number  of  main  effects  and  the  number  of  interactions  that  can  be 
fietermined  with  programs  consisting  of  .3,  b,  8 and  It)  bearing  designs  with  variations  in  the 
number  ot  bearing  parameters  to  be  studied.  For  each  parameter  the  level  of  variation  was 
maintained  at  two  The  combination  of  eight  test  bearing  designs  was  chosen  for  (Iroup-N  which 
i.s  to  be  e\alualed  under  'I'ask  II  of  the  (''ontract.  This  choice  was  dictated  largely  by  cost 
considerations  Se\en  was  the  number  of  parameters  chosen  for  investigation  so  that  the 
maximum  niindier  ot  mam  etiects  could  be  evaluated.  The  seven  parameters  to  be  studied  with 
the  (iroiip  \ t’earmgs  were  all  selected  from  f'ategory  I of  table  2.  These  variables  are  the 
lollowing 


• Hearing  preload 

• Coupled  roller  end  radius  runout 

• Roller  end  circular  runout  to  roller 
outer  diameter 


• Inner  race  taper 

• Roller  Hat  centralitv 

• Raceway  angular  misalignment 
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Lubrication  llow 


TABl>K  2.  RELATIVE  HANKINd  OF  ROLLER  HEARINC  VAHIAHLES 


HifUf’r  hearing  Variably 


l^ossiblv 

Effect  of  Variatum 


Uniu\na(c 


(’APKCiOKY  I; 


Roller  LenKth/Diaineter 

Ratio 

Ihieven  roller  end  wear 

Alters  roller  tdement  gyroscopic 
action  stahilitv  achieved  hv  U/l) 
ratio  of  0.87. 

Roller  ( 'nhalaiue 
iNimhoniogeneoiis  material, 
niller  entl  run  out.  crown 
radius  run  ovtt) 

I’neven  n»|ler  end  wear 

Alters  skewing  forces  as  rtdlers 
impact  guide  flanges. 

RceU»ad 

('ontrol.s  skidding  and  can 
reduce  dama^'e  on  roller 
surfaces  and  raceway  surfaces. 

Roller  element  skids  (»r  slips  “out 
of  gear ' due  to  insufficient 
loading. 

('ixtic  I'nlialaiue 

KiK-al  ca^je  hore  wear  for 
inner  land  fiuided  cajje.  end 
wear  adjacent  rollerfs)  and 
skidding?  damage. 

Rub  causes  local  <»verheating  and 
decreases  effectiveness  of  Oil 
film. 

Roller  Flat  ('entrality 

Uneven  roller  end  wear 

Alters  tractive  force  i)rofile  of  roller  as 
well  as  stability  about  transverse  axis 
due  to  un.symrnetrical  roller  mass  dis- 
tribution. 

Roller  Knd  Scjuareness 

1 Eleven  roller  end  wear 

Affects  roller  stahilitv  about  transverse 
axis  and  modifies  roller  end  face  con- 
tact stress. 

Roller  Knd  Shape 

Uneven  and  concentric  niller 
end  wear. 

Alters  lubrication  film  and  roller 
end  contact  stresses. 

Raeewav  'Paper 

('«*ncenfri(  roller  end  wear 

Alters  distribution  of  roller  tractive 
forces. 

Roller  Knd  I'learanee 

Ihieven  roller  end  wear 

Alters  maximum  roller  skewiiig  angle 
thus  changing  end  lace  contact  forces. 

Roller  Diameter  \’ariation 

Uneven  roller  end  Wfar/ 
niller  skid  damage 

Alters  maximum  roller  skewing  angle 
alters  roller  tractive  forces. 

l.iihricatittn 

Uneven  and  concentric  roller 
end  wear,  ndler  skid  damage. 

( age  wear. 

Alters  eftective  oil  film  thickness. 

Klanye  Height 

Ihieven  and  concentric  roller 
end  wear 

Alters  ToUer  skewirig  angle  and 
roller  end  contact  stress  and  location. 

Raeewav  An^tular 

Misalitinment 

(‘oncentric  r<»ller  end  wear 
reduced  fatigue  life 

Alters  roller  tractive  forces  and 
distribution'alters  roller  hmd  pr<»flle 

I’e  reent  Flat  Length  o( 

Roller 

Fatigue  life  and  unit()rm  end 
wear 

Alters  r(*ller  load  pr(»file.  tractive 
forces  and  skewing  mom(‘nl 

rATKD.DRV  W 

Roller  ( lamping  I,<»ad 

(N»ncenfri(  ndler  end  wear 

Redut  tion  in  rolh  r end  < learaiue  due 
f»»  guide  flange  deflection  alters  oil  Him 
thiikness  and  r«iller  end  contact  pn> 
Itle. 
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TAHI.K  2.  RKI,ATIVK  RANKING  OF  ROFLKR  BP:ARING  VARIABI.KS  (rONTINUKI)) 


Htillvr  Hiiirtrifi  Vanahli' 

I'ossiblv 

Effect  of  Variation 

liatumale 

Klan^'t*  Face  Kun  Out 

Uneven  roller  end  wear 

.Alters  maximum  n»ller  skewing  angle 
and  dynamic  end  face  l«»ads. 

Kttller  (‘rown  Radius 

Fatigue  life  and  concentric 
roller  end  wear 

Alters  roller  load  prollle.  modilles 
tractive  forces  and  skewing  moment!*. 

Kxtc'udefl  R«)!ler  Flat 

Fen^'t  h 

Fatigue  life  and  uniform  end 
wear 

Alters  Hfller  load  profile,  tractive 
(drees  and  skewing  moment. 

Flange  Face  VVaviness 

Uneven  n>ller  end  wear 

.Alters  maximum  roller  skewing  angle 
and  dynamic  end  face  kinds. 

Flantie  Layback  .Xuule 

Uneven  niller  end  wear/ 
concentric  roller  end  wear 

.Alters  maximum  roller  skewing  angle 
oil  film  thickness  and  kicati<in  <if  ernl 
face  contact  area. 

Holler-Cage  Pocket 

Clearance 

Uneven  ndler  end  wear 

.Affects  t ransmissifin  fif  any  cage 
i list  ahi  lit  y alt  ering  roller- to -guide 
nang<‘  contact  loads  and  tractive 
forces. 

Flange  (‘ontour 

Uneven  roller  end  wear/ 
concentric  roller  end  wear 

.Alters  maximum  roller  skewing  angle 
fiil  film  thickness,  and  roller  end  con- 
tact area  and  kicat ion. 

f.VrKCOHV  III: 

Roller  Length  Variation 

Uneven  roller  end  wear 

.Alters  maximum  n*!ler  skewing  angle 

('age  pocket  Otlset 

N'(ft  apparent  unless  extreme, 
causing  uneven  roller  end 
wear 

.Alters  resultant  skewing  force  of 
niller  element 

Rttller  Knd  Surface  Finish 

(’neven  and  c(»ncentric  roller 
end  wear 

Alters  oil  nim  thickness  retjuire 
metits  at  roller  etuis. 

Flange  Surface  Finish 

Uneven  and  concentric  roller 
end  wear 

Alters  oil  film  thickness  re<|uire- 
ments  at  niller  ends. 

Raceway  Surface  Finish 

Skid  damage 

Alters  roller  tractive  fones  and  oil  film 
thickness  retjuirements  at  roller 
raceway  contacts. 

('age  pocket  S(|uareness 

('oncentric  roller  end  wear 

Alters  resultant  skewing  l«»rce  acting  on 
roller  element . 

Racewa\  Wavine'is 

Skid  damage 

lm|Kises  dynamic  loads  on  roller  affei  t 
ing  variations  in  tractive  forces  and  oil 
Him  ihiikness  requiretnents  at  con 
tacts. 

Roller  'rai)er 

(^neven  roller  end  wear 

.Alters  tractive  lone  f>rofile  of  rollers  as 
well  as  roller  stability  about  transverse 
axis  due  to  uns\ mmet rical  mass  dis 

1 rduit  ion 

The  second  Rroup  of  hearings,  which  will  he  evaluated  under  Task  VI.  were  designated  as 
Groiip-Ak’.  The  scope  of  this  [tortion  of  the  program  limited  he  size  of  this  grou|)  to  five 
individual  hearing  designs.  Four  is  the  maximum  numher  ol  parameters  for  whith  the  main 
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f'MecIs  can  be  investigated  ern|)lo,ving  live  l;earing  designs.  'I'liese  lour  parameters,  stdected  (roiTi 
Category  II.  are:  inner  ring  guide  llange  layback,  inner  ring  guide  llange  contour,  inner  ring  guide 
flange  run  out,  and  extended  roller  flat  length. 


T.AHLK  :t.  PARAMETHK’  STUDY  POSSIHIM  TIKS 


.V(J  of  7V>f 

hlics 

So  itf  {‘(inimclvrs  of  2 fA  i vls 
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Ht-marhs 

10 

0 

Mniti  Kltccls  Can  Ku  1 ictcrininud 

H 

Main  Kllouts  and  Cih'  Inturai  1 itm  Can 
betfrnunud 

Main  KMuds  and  fnfura(  t itaw  Can  H»' 

ncfcrrninufl 

W 

Main  Klluuts  aiui  I'hrci-  Intcraul hmi"  Can 

I iclurrnincd 

s 

- 

Main  Kdculs  Can  Hr  lUHrrniinrd 

ii 

Main  Kttrciv,  and  Onr  Inlrraulion  Can  l^r 

1 )(*lc'rininrd 

.) 

Main  KMurts  and  l\vn  Intf-racl ion'«  Can  Hr 

I Jrirrniinrfi 

r» 

Mam  Kdrefs  ('an  Hr  I /rfrrniinrd 

1 

Main  Klirrts  and  Onr  Inlrrarlinn  ('an  Hr 

1 )rlrrminrd 

.•> 

\ 

Main  Ktirds  Can  Hr  I>rtrrniinrd 

B.  DESIGN  OF  PARAMETRIC  BEARINGS 

TTie  basic  roller  bearing  selected  for  the  design  of  the  parametric  bearings  is  shown  in  figure 
2().  This  bearing  is  used  in  the  No.  ."i  mainshaft  position  ol'  the  TFdO  model  production  engine  and 
has  accumulated  many  thousands  of  hours  of  succe.ssful  rig  and  engine  o|)eration.  In  addition, 
this  design  includes  geometric  and  tolerance  control  features  directed  at  minimizing  roller 
skewing  and  skidding. 

Using  the  partial  factorial  statistically  designed  ex|)eriment  approach,  the  eight  bearing 
designs  that  are  necessary  to  incorporate  the  seven  sludv  parameters  with  two  levels  of  variation 
each  were  prepared.  T he  comhinations  of  the  varialdes  for  these  eight  Uroup-N  hearings  were 
established  by  the  matrix  shown  in  table  4.  Here  the  two  levels  of  parameter  variation  are 
represented  by  the  symbols  H and  L,  for  high  and  low.  Initially  this  matrix  was  prepared  with  one 
Irearing  design  distributed  in  each  of  the  eight  vertical  columns  in  such  a manner  that  the  main 
effects  ol  each  variable  could  be  determined.  However,  limitations  in  manufacturing  and 
insiiection  capabilities  matle  it  necessary  to  alter  the  arrangement  of  the  test  varialiles  which 
resulted  in  the  matrix  as  shown  in  talrle  4.  It  is  anticipated  that  it  will  be  possible  to  determine 
the  main  effects  of  five  or  six  of  t he  (Iroup  N variables,  and  with  an  additional  test  coml)ination, 
the  main  effects  of  all  the  variables  may  be  determined.  The  actual  levels  ol  the  parameter 
variation  for  each  of  the  (Iroup-.N  designs,  as  well  as  the  basic  or  baseline  bearing,  are  presented 
in  tabular  form  in  figure  27.  These  levels  were  established  on  the  basis  of  experimental, 
analvtical.  manufacturing,  and  production  experience.  T'be  parameters  of  the  Uirou])-N  bearings 
which  were  not  being  studied  were  maintained  at  the  level  used  in  the  l)asic  bearing.  Figure  27 
also  classifies  the  variable  parameters  as  either  design  or  tolerance  controlled.  T'he  design 
parameters  are  those  whose  levels  of  variation  are  established  by  the  design  proce.ss.  whereas  the 
variation  levels  for  the  tolerance  parameters  are  established  by  roller  bearing  manufacturing 
capabilities. 
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Figure  26.  Basic  Bearing  for  Parametric  and  Verification  Testing 


BEARING  VARIABLE  ' 


I'AI^LK  4.  'FKST  MA'I'KIN  (IHOri'-N  PAI^WIK/I'HK’  HHAHINdS 


q: 

<t 

> 

o 

2 
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8 ROLLER  BEARING  DESIGNS 
7 BEARING  VARIABLES 
2 LEVELS  OF  VARIATIONS 

• [-  LOW 

• H HIGH 


CO 

< 
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< 
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cc 
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X L .xi 


::3 


.8 


BEARING  VARIABLE  “E' 


;:H  VARIABLE  "F" 


BEARING  VARIABLE  "G” 


EXAMPLE 

BEARING  DESIGN  NO,  6 


BEARING 

VARIABLE 

A 

B 

C 

D 

E 

F 

G 


VARIATION 

LEVEL 

LOW 

HIGH 

LOW 

LOW 

LOW 

LOW 

HIGH 


NOTE  NUMBERS  IN  MATRIX  INDICATE  BEARING  IDENTIFICATION  NUMBERS 
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Figure  27.  (!n)up-.\  Pammctric  Bearing;  Dcxif’ns 


Kmploving  a procedure  similar  to  that  conducted  for  establishing  the  (Iroup-N  heariiiK 
designs,  the  (Iroup-AF  hearing  designs  were  next  prepared  lollowing  the  matrix  shown  in  table  5. 
This  matrix  will  permit  the  tnain  effects  of'each  of  the  four  parameters  to  he  studied.  Figure  28 
shows  the  actual  levels  of  parameter  variations  for  each  of  the  Ciroiip-AF’  designs  as  well  as  for  the 
basic  or  baseline  hearing.  .Again,  as  in  the  case  of  the  (Iroup-N  hearing  design,  the  parameters  not 
Iteing  studied  were  maintained  at  the  same  level  used  in  the  basic  or  baseline  hearing. 

C.  PROCUREMENT  OF  BEARING  HARDWARE 

The  hearing  manufaiturer  selected  to  fabricate  the  two  groups  of  parametric  hearings  was 
the  Split  Hallhearing  To.  (SHH).  Division  of  MHH  Corporation.  SHH  is  a producer  of  the  basic 
No.  r>  mainshaft  position  roller  hearing  used  in  production  TF:U)  engines  In  addition,  SHH  has 
supplied  experimental  hardware  of  the  basic  124.3  mm  hearing  which  has  been  evaluated  in 
baseline  tests  to  speeds  of  3.1)  MDN. 

A total  of  10  (Iroup-N  parametric  hearings  were  manufactured  lor  testing  l)y  SHH.  One  each 
of  the  eight  designs  shown  in  figure  27  and  two  duplicate  hearitigs  for  repeat  testing  were 
procured.  The  hearings  selected  for  repeat  testing  were  those  identified  as  No.'s  7 and  8 in  figure 
27. 


Split  Hallhearing  Co.  manufactured  a total  of  six  (Iroup-AF  hearings  for  lest.  One  each  of 
the  five  designs  shown  in  figure  28  was  produced  and  a duplicate  of  hearing  No.  22  was 
manufactured  for  rei)eal  testing. 

For  each  of  the  (lrou|)-N  itnd  (Iroup-AF  hearings,  detailed  dimensional  measurements  of  the 
hearing  comttonents  were  made  and  recorded  by  SHH.  This  was  done  to  ensure  the  tight  (ptalilv 
control  recpiired  as  dictated  by  the  demands  ol  any  stalislically  planned  program  ;tnd  to  assist  in 
the  post-test  analysis  of  the  experimental  results.  Some  of  the  specific  measurements  th;tt  were 
provided  were: 

• Dimensions  on  each  roller  fall  rollers  being  serialized  to  facililitte  identi- 
fication) length,  diameter,  corner  radius  runout,  crown  radius,  length  of 
central  cylindrical  section,  flatness  of  central  cylintlrical  section,  off  set  of 
central  cylindrical  section,  roller  end  circuhir  runout,  and  crown  dro|) 

• Diameters  of  the  inner  and  outer  rings 

• Inner  and  outer  raceway  eccentricity  and  taper 

• Ifoller  guide  shoulder  parallelism 

• Cage-pocket  scpiareness  and  parallelism 

• Holler  guide  flange  angle 

• I nmounled  internal  radial  clearance 

• Cage  land  clearance 

• Surface  finish  of  rollers,  raceway  and  guide  shoulders 

• Citge  unbalance 

• Holler-fo-guide  flange  clearance. 
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The  inspection  data  which  accompanied  each  of  the  (iroiip-N  anti  (Iroiip  AF  hearings  were 
reviewed  and  nt)  significant  deviatitins  were  uncovered.  Since  up  to  (t-t  pages  of  inspection  results 
were  provided  for  each  bearing,  the  inclusion  of  a complete  com[iilation  of  this  data  in  this  report 
would  he  unrealistic.  However,  a summary  of  these  inspection  results  has  been  provided  in  tables 
ti  and  7 with  average  measurements  shown  where  possible, 

TABLK  r,,  Th7ST  MATRIX  — CROUP  AF  PARAMKTRIU  HKARINCS 


5 ROLLER  BEARING  DESIGNS 
4 BEARING  VARIABLES 
2 levels  OF  VARIATION 

• L - LOW 

• H - HIGH 


UJ  UJ 
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CD 
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“^7^ ] 
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L iiii 

L 

; L'S 

'21 

H ■ 

i25 

: H 

t- 

•24 

H : 
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22 

BEARING  VARIABLE  "J" 


BEARING  VARIABLE  "K" 


NOTE  NUMBERS  IN  MATRIX  INDICATE  BEARING  IDENTIFICATION  NUMBERS 
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TAMI.P:  7.  SI  MMAHY  OF  MAM  KACTl  KI\(J  INSPEC  I'lON  DATA  OHOOI^AF  HEAHIXCS 


Hearing  Sunihcr 


MI. 

21 

22 

29 

24 

2-) 

20 

Hparinj,'  Assornl)lv 

(Mcarancp.  in. 

O.OlTti 

().(»172 

0.0172 

t).0l7t» 

0.0182 

0.0179 

0,0107 

KoIUt  Kini  ('IfaraiUT.  in. 

0.0010 

0.009") 

0.00105 

0.00105 

0.1MH2 

0 001 15 

Inlt-rnal  Kadial  (’Iparana*  (l-nmoiintpdl.  in. 

O.tKMO 

0,0041 

o.(M)4r) 

0.004() 

O.lKMl 

O.lMIll 

(►.(M112 

Uollpr" 

I.pn^th.  iri. 

o..M17.''i 

0..t10(>K 

0.. 71101 

0.51  1S7 

0.51191 

0 51(H17 

0.51  i?m; 

Dianu'lpr.  in. 

o.r.ntir) 

O.olOHO 

0,.M  1S2 

0.51  1S9 

0..'.1  1K7 

0,51085 

0.51  1S| 

Stjrlacp  Kinish  J.A.A).  *iin. 

•>  “5 

2.2r. 

2.25 

2.25 

9.0 

■t 

('«>rnpr  Uadivis  K.O  . in 

O.tHtl 

0.(HMH7ri 

0.(HH)2 

(i.(HMH75 

O.OIMJUM) 

0.iH)0!75 

0 t K M I2 

Crtivvn  Hadius.  in 

21 

:«» 

90 

90 

90 

90 

90 

(Miinlpr  la-nstH.  in 

0.2(i<iri 

0.995 

0.9955 

0.927 

0.270 

0.92(i 

CvlindcT  Flatness,  ^in. 

24 

22 

21 

IS 

•»7 

tMinder  Olt  Spt.  in 

O.OH) 

0.004 

O.tMlS 

tl.0(J7 

0.(H)55 

0 oio 

0 «x»r- 

( rnwn  ProtiU*  K ( ) , ^in. 

Knd  S»juar<*ness.  #jin. 

120 

70 

7-> 

70 

75 

so 

75 

Crown  I)ro|),  in 

(t.OtHlS.o 

0.tKK)r)7 

o.ottois 

0.0002tl 

O.OIM)15 

0.1MM15 

II  (HMI.'li 

Hardness  ( R 1 

tai  Min 

01.') 

09.(t 

09.5 

09,5 

01.5 

02  5 

Outer  Kintj 

Ol)  Max.  in. 

d.Tohl 

()  75r>S 

t).7r)r)S 

0.7558 

1^.7502 

0.7500 

»1.7502 

on  Min.  in 

.T.7-ir>!? 

<i.7:i.-):t 

0.7949 

0.7959 

(i.7:i.74 

(i.7959 

OO  Avfi.  in 

t).7-4.T() 

(1.74:)(i 

ti.74:)() 

0.7454 

0.7458 

0 7 iiyi 

0.7158 

m.  in. 

(i  -I24.'’> 

0.1210 

0.4247 

0.4247 

0.1217 

0.424S 

Kccenlrifil V.  yin. 

2r> 

2.'. 

.98 

10 

IS 

25 

18 

ID  Flatness,  ^in. 

I'l 

I0..7 

21 

12 

25 

90 

Surface  Finish  lAAl.  ^in 

(.0 

li.rt 

4.0 

4.0 

1.0 

9.0 

1.8 

Marrines.s  (H,  1 

fi-'i.rj 

0.9.0 

ti9.0 

09.0 

0.9.0 

0.9.0 

Inner  Hinu 

Kttre  Diameter,  in. 

4,H‘H7 

1 8997 

4,8997 

1.8997 

1.8990 

1.8997 

Ol)  Overall,  in. 

o.H  1 7-i 

0.0709 

5.0779 

5.(i772 

5.0779 

5.0779 

5.0779 

( )D  Roller  Path.  in. 

r>.;i9HI 

5 99(iO 

5.9957 

5.91M)2 

5.9980 

5.9fM)9 

K«»ller  Path  Kccentricitv.  /^in. 

IS 

IS 

IS 

20 

20 

IK 

18 

Roller  Path  Tapei.  deji-min 

()-(» 

0-0 

0-0 

0-0 

0-0 

0-0 

0-0 

(luide  Flange  .An^le.  deg-min 

K-t) 

0-7.10 

0-50,4 

0 55,(i 

0-0.01 

0-52.9 

0-49.2 

(luide  Flanjje  Finish  (AAl. 

■i.'i 

:i.o 

0.5 

7.0 

7.0 

S.9 

0,5 

Roller  I*ath  Finish  (A.Al.  ^in. 

M.O 

;t.r> 

2.5 

9.5 

9.0 

.9  5 

9.5 

Hardness  ( R,  t 

g:i.o 

04.0 

02.0 

02.0 

02.5 

01.0 

(i9.0 

Cat'e 

ID.  in. 

r>.h977 

r).ti970 

.7.t;07-t 

5.o^h;o 

5.0985 

5.0970 

5.0971 

pttckel  S(|uareness.  ^in 

■m 

;iso 

no 

.991 1 

1.711 

510 

till 

pocket  l^arallelisni.  in. 

d.tKili 

O.IHll 

0,0019 

0.0019 

0.(K)19 

0.(Htl9 

0.1MI21 

[ nhalance.  urain-centimeter 

I.:t2 

2.29 

1,2H 

1.20 

1 .4.7 

2.40 

1 .2(1 

Hardness  (R.  » 

IIM.O 

99.0 

99.0 

:14.0 

99.0 

99.0 

D.  PRE-TEST  PREPARATION  AND  INSPECTION  OF  TEST  BEARINGS 

Preparation  ot  all  the  Orout)-\  hearings  for  test  was  eompleted.  Fateh  tiearing  outer  ring  was 
instrnmenteH  with  a strain  gage  to  permit  measurement  of  roller  pass  f'retpieney  during  test. 
I'hus.  for  eaeh  of  the  program  test  eotnhinations  imposed  it  eould  then  tie  determined  whether  or 
not  the  roller  eletnents  are  skirlding.  Also,  the  end  fares  of  every  other  roller  element  were  eopiier- 
flaslied  for  the  jitirpose  of  fiighlighting  end  wear  that  may  oeriir  tinring  testing.  This  procedure 
was  inrorptiratf'd  since  a tivnamic  measurement  system  to  determine  the  amount  of  roller  skew 
or  the  amount  of  pressure  genenited  hy  the  roller  ends  on  the  inner  ring  guide  flanges  in  a liearing 
lias  not  heen  successfullv  developed.  Pre-test  preparation  also  included  the  weighing  of  t'ach 
roller  Ke()eating  this  weighing  [irocess  after  test  will  permit  determination  of  the  .atnounl  of  roller 
mass  loss  attrilmtalile  t<i  wear.  For  this  measurement,  a lalioratory  Christian  th'cker  I'OPtfAD 
Scale.  Model  K-A  I . was  used.  Also  each  of  the  rollers  was  measureif  for  static  skew  angle  of  turn 
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allowed  by  the  inner  raceway  fjiiide  nances.  The  pretest  roller  weiftht  and  static  skew  antjle 
ineasurenients  obtained  for  the  Cronp-N  hearings  are  found  in  table  8.  Also  shown  are  the  pretest 
average  roller  weights  for  the  baseline  bearing.  Similar  ineasiireTiients  are  now  being  made  on  the 
(inuip-AF  bearings. 

TAHLK  H.  PKK-TEST  WEAR  REI.ATEl)  MEAS- 
UREMENTS - CROl’P-N  BEARlNdS 
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11. 79 
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1:1.2:177 

14.19 

1 1.19 
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1. ■1.27.7.') 

1:1. 71 

i;i.(i2 

:> 

i:!.27r)« 

i:i.2788 

1:1  1:1 

!:t.7(; 

t; 

1.1.2  til 

i:i.'2421 

14.98 

1 1-22 

7 

i;i.28«H 

[.'i.28r):i 

Id. 87 

Id.87 

S 

i:i.2i4fi 

M.  17 

I 1.59 

i:  1.29119 

1:1.29:18 

i:t  8ri 

111 

i:i.:i:i.l() 

i:i.:i;ii7 

17.10 

1 1.78 

In  addition  to  the  bearing  manufacturer’s  pretest  itispection  data,  in-house  inspection 
measurements  were  made  and  recorded  during  installation  of  the  bearings  into  the  test  rig.  These 
measurements  included  the  fits  of  the  inner  ring  on  the  shaft  atul  the  outer  ring  in  the  sut>[)<>rt 
housing,  the  installed  internal  radial  clearance  of  the  test  bearing  and  the  axial  misalignment  of 
the  installed  outer  ring.  The  actual  measurements  recorded  for  the  Ciroup-N  bearings  that  have 
been  tested  to  date  as  well  as  for  the  baseline  hearing  tested  are  shown  in  table  9.  It  is  tdanned 
to  make  similar  pretest  measurements  on  the  remainder  of  the  f'lroup-N  bearings  as  well  as  on  the 
(;roui)-AF  bearings. 


TABLE  9.  PRE-TEST  RIO  RELATED  INSPECTION  MEASUREMENTS 
OROUP-N  BFIARINOS 


Hvannti  Sumhvrs 

m. 

2 

H 

/ 

9 

Inner  Rinji  Kit  on  Shaft,  in. 

(I.0(r2-/r 

0.001  rr 

O.IMIIOT 

0 IHI21T 

().dd2d'r 

Internal  Hadial  (Mearanre  Installed,  in. 

().(M)25 

o.(M)i;i 

d.tHidt) 

().(K)1(> 

d.dd25 

Outer  Ring  Kit  in  Housing,  in. 

O.IKKWl, 

d.(KKIH(, 

0.(KKI7|. 

O.IKKISl. 

0.00071, 

Outer  Ring  Misalignment,  deg 

Ntile;  ’V  d'lght  Kit.  li  Lo<»se  Kit 

d 

1) 

tt 

0 1 

d.l 

E.  ROLLER  BEARING  TEST  RIG  AND  INSTRUMENTATION 

The  te.st  rig  shown  in  figure  29  is  that  which  is  being  used  for  the  experimental  evaluation 
of  the  parametric  bearings.  It  was  originally  designed  and  fabricated  specifically  for  develoinnent 
testing  of  115  and  124.9  mm  bore  diameter  cylindrical  roller  bearings.  Relatively  trouble-free 
operation  has  been  experienced  with  this  rig  in  the  more  than  .5999  hours  of  testing  accumulated 
to  date,  of  v/hich  over  2.50  hours  were  at  speeds  of  9.0  MDN. 

The  test  rig  consists  of  a cylindrical  housing,  with  a hydraulic  load  cylinder  located  centrally 
on  top  of  the  housing  to  apply  a radial  load  to  the  test  be>aring.  Three  bearings  are  located  on  a 
common  shaft  assembly  in  the  rig.  The  two  bearings  nearest  the  ends  of  the  shaft  assemblv  are 
rigidly  mounted  to  the  housing.  The  center  or  test  bearing  is  mounted  in  a carrier  attached  to  the 
load  cylinder  piston  and  is  radially  guided  by  tracks  in  the  housing. 


74 


Kadial  load,  applied  to  the  test  hearinft  by  the  load  evliiider.  is  transmitted  throuydi  the 
shaft  assemhiv  to  the  end  heariiifts  and  then  thronirh  the  end  heariiif'  carriers  to  the  hoiisitie 
These  hearings  are  eipially  spaced  Iroin  the  center  hearing  and  each  carries  hall  the  load  applied 
to  the  <enter  hearing.  This  arrangement  maximi/es  alignment  control  among  the  hearings.  .Axial 
location  of  the  shaft  assembly  is  controlled  hy  the  hall  thrust  hearing  mounted  at  the  rlrivc  end. 

I.nhrication  and  cooling  oil  is  supplied  to  the  test  hearing  hv  directing  jet  oiling  into  both 
sides  of  t he  hearing  cavit  v.  Oil  is  also  supplied  separately  to  axial  slots  located  under  t he  rot  at  ing 
inner  ring.  Kadial  holes  intercefiting  a number  of  axi/d  slots  rlirect  lubrication  to  the  intier  ring 
roller  guide  flanges. 

The  test  rig  itself  is  .serviced  hy  the  lubrication  system  shown  schematically  in  figure  dO. 
This  svtem  provides  the  following  functions: 

• Supplies  oil  to  the  test  hearings  as  well  as  the  rig  slave  hearings  for 
lubrication  and  temperature  control 

• Supplies  oil  to  the  speed  increaser  getirhox  (or  lubrication  of  (he  gearbox 
hearings  and  gears 

• Sutiplies  pressurizing  oil  to  the  hydraulic  load  cylinder  of  the  rig  to  radially 
loarl  the  test  hearing 

• Controls  and  monitors  the  temperature,  pressure  and  How  of  oil  sufiplied  to 
each  |)art  of  the  system. 

The  luhriration  system  includes  an  oil  reservoir  which  supplies  oil  to  two  pressure  pumps, 
one  of  high  capacity  and  one  of  low  capacity.  The  high-capacity  pump  supplies  oil  filtered  to  a 
level  of  log  absolute  to  the  test  rig  internals  and  to  the  gearbox.  The  low-capacity  pump  supplies 
oil  to  the  load  cylinder  which  provides  t he  radial  load  tot  he  test  hearing.  The  temperidure  oi  t he 
oil  to  the  test  rig  is  controlled  hy  a heat  exchanger  utilizing  either  high-pressure  steam  for  healing 
or  water  for  cooling.  Three  delivery  branches  supply  oil  to  the  test  hearing.  Two  of  the  branches 
sup|)lv  the  hearing  with  primary  lubrication  and  i)rovide  outer  ring  temperature  control.  The 
third  branch  supplies  oil  to  the  test  hearing  for  inner  ring  temperature  control  and  lubrication  ol 
the  inner  ring  guide  llanges. 

Instrumentation  is  provided  to  measure  the  imirosed  test  conditions,  the  hearing  operating 
conditions,  and  the  operating  conditions  of  the  test  rig.  This  instrumentation  consists  of 
conventional  devices  which  are  maintained  by  the  (’ontractor.  'Fable  10  lists  the  measurements 
obtained  and  identifies  the  corresponding  type  of  instrumentation  employed.  Manual  recordings 
ol  all  measurements  are  made  every  10  minutes  during  the  calibration  irortion  of  the  experiment  id 
program.  During  the  endurance  test  portion  of  the  program  recordings  are  made  once  every  '20 
minutes. 
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SPEED  INCREASER  LUBE  OIL 


1 HEAT  EXCHANGER  6.  PRESSURE  DIFFERENTIAL  GAGE 

2.  FLOWMETER  7.  PRESSURE  CONTROL  VALVE 

3.  HIGH  VOLUME  PRESSURE  PUMP  8.  FLOW  CONTROL  VALVE 

4.  LOW  VOLUME  PRESSURE  PUMP  9.  STATIC  FILTER 

5.  PRESSURE  GAGE  10.  HYDRAULIC  LOAD  CYLINDER 

I'ifiurf  -'Kl.  Lubrication  System  for  Test  Rifi 
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TABLP:  10.  TEST  INSTRUMENTATION 


Mvasurvmcnt 

Instrumentation 

Imposed  Test  Conditions: 

Hi^  shaft  sj)eed 

Tachometer  general  (ir  signal  from  in  pul  to  7: 1 ratio  speed  increaser.  wit  h 
tachometer  readout. 

A[)plied  radial  load 

Pressure  lap  at  hydraulic  load  cylinder  supply  port,  wilh  pressure  gage 
readout . 

Oil  How  to  lest  hearing 

Magnetic  type  oil  Howmeters  with  direct  readout,  installed  in  oil  suppiv 
lines. 

F’ressure  laps  in  oil  su|)ply  lines  with  [)ressure  gage  readouts. 

t)il  supply  temperature 

Chromel-alumel  thermoc»>uples  installed  in  oil  supply  lines,  with  p<»lential 
type  readout. 

'Vest  Bearing  Operating  (\)nditions: 

(’age  speed  or  slip 

Strain  gage  cemented  to  OD  of  outer  ring,  with  digital  readout. 

Outer  ring  temperature 

('hromel-alumel  thermocouples  installed  in  housing,  contacting  bearing 
outer  ring,  with  potential  type  readout. 

Inner  ring  temperature 

Chromel-alumel  thernK)cou|>les  installed  in  shaft,  ctmlacting  bearing 
inner  ring,  with  p<itential  type  readout  via  slip-ring. 

Discharge  oil  temperature 

Chromel-alumel  thermocouples  installed  in  discharge  oil  rig  sumps,  with 
potential  type  readout. 

Horsepower  and  torque 

Direct  reading  voltmeter  and  current  indicating  digital  voltmeter. 

KIb  OperatiuB  (’unditions: 

Big  bearing  ternperatures 

C'hromel-alumel  thermocouples  installed  in  housing,  contacting  bearing 
outer  rings,  with  potential  type  readout. 

Oil  Htiw  to  rig  bearings 

Magnetic  type  f1<»wmeters  wit h direct  readout,  installed  in  oil  suppiv  lines. 
[Pressure  taps  in  oil  supply  fines  with  pressure  gage  readfmts. 

\ibratioM 

Accelerometers  (KNDKVC’O.  mounted  in  vertical  and  horizontal 

plane  on  test  rig.  with  vibration  displacement  meter  readout. 

F.  EXPERIMENTAL  PROGRAM  PLAN 

A lO-hour  test  program  to  be  followed  during  the  rig  evaluation  of  each  of  the  (Iroup-N  and 
(Iroup-AK  parametric  bearings  was  prepared.  The  program  as  shown  in  table  1 1 was  designed  to 
obtain  both  calibration  and  endurance  test  data  for  each  of  the  bearings.  The  calibration  section 
consists  of  lit)  separate  test  combinations  which  were  designed  to  obtain  bearing  operational  data 
with  variations  of  speed,  oil  flow,  radial  load,  and  oil  temperature.  The  imposed  conditions  are 
maintained  at  each  test  combination  for  10  minutes.  From  the  o|)erat  ional  test  data  obtained,  the 
following  performance  parameters  con  then  be  determined  for  each  hearing: 

• Heat  generation 

• Horsepower  and  tor<)ue 

• R(>ller  skid 

• Inner  and  outer  ring  thermal  stability 

• Outer  to  inner  ring  thermal  gradient 

• .Axial  and  circumferential  thermal  gradients. 
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TARI.E  11  TEST  PROGRAM  FOR  OROIT  N PARAMETRIC  MEARINOS 


Once  the  calibration  portion  of  the  10-hour  program  is  completed,  endurance  testing  will  he 
conducted  to  assess  the  extended  operating  performance  and  roller  wear  durability  of  each 
hearing  design.  The  first  4 hours  of  endurance  testing  will  be  conducted  at  the  H.O  MDN  steady- 
state  condition  noted  in  table  11.  P'or  a specific  bearing  test  within  Oroup-N  the  level  of  the  oil 
(low  variable  of  either  Id  or  29  Ib/min  will  he  determined  from  the  Oroup-N  hearing  design  chart 
shown  in  figure  27.  The  oil  flow  for  the  Oroup-AF  bearings  will  he  maintained  at  t he  baseline  level 
of  20  th/min  since  oil  flow  is  not  one  of  the  variable  parameters  for  this  group.  In  the  fifth  hour 
of  the  endurance  testing,  the  bearing  speed  will  be  cycled  between  the  two  sjieed  levels  indicated 
in  table  11.  A total  of  dO  acceleration-deceleration  cycles  will  be  completed  on  each  bearing, 
simulating  the  type  of  transient  operation  found  in  gas  turbine  engines  where  accelerated  bearing 
wear  due  to  skidding  and  skewing  may  be  encountered  due  to  the  rapid  accelerations  experienced 
by  the  roller  elements. 

•At  the  completion  of  each  10-hour  test  on  the  (Iroup-N  and  (Iroup-AF  bearings,  the 
experimental  data  will  be  reduced  to  obtain  the  individual  performance  parameters.  In  afidition. 
the  overall  condition  of  each  bearing  will  be  noted  and  any  distress  or  unusual  wear  will  be 
photographed.  Kach  roller  element  will  he  weighed  and  also  measured  for  the  static  angle  of  turn 
that  is  allowed  within  the  inner  ring  guide  flanges.  Using  the  pre-test  and  post-test 
measurements,  roller  wear  as  determined  by  weight  loss,  and  roller  and  guide  flange  wear  as 
determined  by  change  in  static  skew  angle  will  be  determined.  Each  bearing  within  either  (Iroup- 
\ or  (Iroup-AF  will  then  be  ranked  on  the  basis  of  wear.  Then  using  statistical  regression  analysis 
techni(|ues.  the  bearing  |)arameters  within  each  group  will  he  ranked  on  the  basis  of  wear. 
.Modification  to  the  analytical  model,  based  on  the  experimental  performance  and  wear  results, 
will  then  be  made. 

G.  BASELINE  TESTING 

Haseline  experimental  data  is  available  on  the  TF.'IO  engine  No.  5 121. d mm  bearing  for 
comparative  use  when  analyzing  the  parametric  test  bearing  results.  The  bearing  was  rig- 
evaluated  following  the  test  [)rogram  outlined  in  table  1 1.  Prior  to  testing,  all  of  the  roller  ends 
were  copper-flashed  for  the  purpose  of  highlighting  wear.  In  addition,  pretest  weight  mea- 
surements of  each  roller  were  obtained  and  the  resultant  average  value  is  that  shown  in  table  M 
The  roller  static  skew  inspection  equipment  used  later  in  the  program  was  not  yet  available  to 
permit  this  measurement  to  be  made  on  the  baseline  bearing.  The  bearing  was  installed  into  the 
test  rig  with  zero  outer  raceway  axial  misalignment  and  the  mounted  internal  radial  clearance 
was  measured  to  be  ().(X)2ri  inch. 

The  baseline  bearing  performed  smoothly  throughout  the  entire  ten-hour  parametric 
program.  Performance  was  stable  with  no  indication  of  thermal  instability,  roller  element  skid, 
or  vibrational  instability.  The  test  results  are  shown  in  figures  111  through  :t:!.  Figure  !!1  shows  the 
horsepower  levels  recpiired  to  drive  the  rig  .system  with  the  baseline  bearing  installed  to  speeds  of 
.'i.f)  MDN.  Also  shown  for  com|)arative  pur|)oses  is  the  data  obtained  earlier  indicating  the 
amount  of  horsepower  required  to  drive  the  same  rig  system  but  wit  bout  a bearing  mounted  in  the 
center  test  position.  Studying  figure  ill.  it  can  be  seen  that  the  installation  of  the  baseline  bearing 
increases  the  rig  system  power  requirements  by  an  average  of  7..")  hp  in  the  speed  range  of  2.0  to 
:i.O  MDN.  It  is  intended  that  the  rig  horsepower  data  be  usefi  to  rank  the  relative  performance  of 
the  various  hearing  designs.  This  data  should  not  be  considered  as  direct  measurement  of  hearing 
txiwer  losses  since  the  base  for  this  data  was  obtained  without  aiqilied  radial  loading  and  without 
normal  lubrication.  Roller  bearing  heat  generation  and  cage-to-bearing  s|)eed  ratio  as  a function 
of  speed  can  be  seen  in  figures  :i2  and  22.  Figure  22  indicates  that  a variation  in  aiiplied  radial 
load  in  the  range  of  2.71)  to  lOtM)  tb  has  a negligible  effect  on  bearing  heat  generation.  .Also,  it  can 
be  seen  in  the  same  figure  that  the  cage-to-bearing  speed  ratio,  which  provides  a measure  of 
skidding  (lerfitrinance.  is  not  significantly  allectcfl  by  radial  load.  In  figure  2:t,  bearing  oil  How 
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RIG  HORSEPOWER 


ratt'  is  shown  to  have  a direct  el'lect  on  hearitif;  Iieitt  f;eneration.  As  expected,  increasiiif;  the  oil 
How  residts  in  increased  heat  t;eneration.  The  data  in  lifjnre  lurther  indicates  that  \ ariation  in 
oil  flow  rate  has  a very  small  impact  on  the  cage-to-hearinf;  s|)ecd  ratio. 


At  post-test  inspection,  the  flashed  rollers  from  the  baseline  hcariiif;  were  lound  to  he  free 
of  any  eccentric  end  wear.  .Several  of  the  rollers  were  lound  to  have  some  concentric  end  wear. 
pro\idinf;  an  indication  that  these  rollers  hat!  experienced  the  greatest  amo\mt  of  weif,'ht  loss 
during  test.  It  was  determined  that  the  average  weight  loss  was  0. 01)01  gram  per  roller. 


F/gi/rc  :il  Expcrimmldl  hA  dluation  (if  Hasclinc  Ih'arinn.  Rif;  Horsepower  es  Ii(’arinf;  Speed 
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HEAT  GENERATION.  BTU/MIN 


/•Vx't/rc  Kxprrimcntdl  lAdlimtinn  of  lUiyrlinr  Hvarinn.  Unit  (Inirration  and 

Spn'd/Hrariiif’  Speed  Hiititi  es  lUdrinf!  .Speed  leith  Variatian  in  Oil  Floir 
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H.  GROUP-N  BEARING  TESTS 


At  tiu-  tinu'  this  rc|Miri.  t*'-iint;  hud  hfcn  Kimplcicd  on  lourol'the  ten  parametric  heariiijis 
(it  Cironp  N I he  he.irint;''  tested  were  those  idetttilied  in  litiiire  27  as  No  s.  7.  9,  (i.  and  2.  Stalile 
o[ieratjon  was  ohtained  with  each  hearing:  except  No.  li  which  Tailed  dnriiiK  the  calibration  phase 
ol  the  ID-honr  program  A wide  rani;e  ot  we.ir  and  performance  was  observed  during  the  testing 
of  these  tirst  four  bearings 

1.  Evaluation  of  Bearing  No.  7 

Hearing  No.  7 was  first  selected  for  lest  since  a duiilicate  of  this  hearing,  identified  as  No. 
9.  was  availaltle  for  repeat  testing.  Thus,  back-to-liack  tests  of  a similar  design  could  be  run  at 
the  heginning  of  the  program  so  that  testing  repeatability  could  be  a.sse.ssed.  Bearing  No.  7 as 
indicated  in  figure  27  contained  element  preloading  which  is  introduced  by  a two-point  out-of- 
round outer  ring.  The  outer  race  axial  misalignment  was  adjusted  to  0.4  degrees  and  the  oil  flow 
for  this  bearing  design  was  maintained  at  1.9  tb/min  during  the  steady-state  and  cyclic  speed 
endurance  portions  of  the  experimental  program.  The  performance  of  hearing  No.  7 was  stable 
throughout  the  test  with  no  thermal  instabilities  or  significant  raceway  axial  gradients  noted. 

Figure  94  shows  the  outer-to-inner  race  temperature  gradient  as  a function  of  speed  with 
variations  in  radial  load  and  oil  flow.  The  temperature  gradients  were  not  significantly  affected 
by  variations  in  radial  load  up  to  2. .5  MDN.  However,  above  2. .9  MDN.  higher  temperature 
gradients  were  experienced  as  a result  of  increased  radial  loading.  Oil  flow  variation  was  shown 
to  have  a more  pronounced  effect  on  bearing  temperature  gradient  than  loading  as  shown  in  figure 
94.  At  the  highest  oil  flow  level  of  29  th/min.  the  bearing  temperature  gradient  becomes  nearly 
constant  at  speeds  above  2. .'5  iVIDN. 

F’ost-test  inspection  of  bearing  No.  7 revealed  all  of  the  bearing  components  to  be  in  good 
condition  with  no  distress  indicated.  All  of  the  rollers  were  found  to  be  free  of  any  eccentric  wear; 
however,  they  did  exhibit  moderate  levels  of  concentric  wear  on  both  ends.  This  wear  was  most 
likely  due  to  the  applied  outer  ring  misalignment.  Roller  weight  measurements  indicated  an 
average  loss  for  the  copper-flashed  rollers  of  0.000.9  gram.  This  compares  to  the  average  weight 
loss  obtained  earlier  on  the  rollers  of  the  baseline  bearing  of  0.0004  gram.  Post-test  static  skew- 
angle  measurements  on  six  rollers  indicated  an  average  increase  of  0 degree.  1.26  minutes.  f)t 
these  six  rollers,  three  were  copper-flashed  and  three  were  not. 

2.  Evaluation  of  Bearing  No.  9 

The  test  rig  was  reassembled  with  a duplicate  of  bearing  No.  7 for  repeat  testing.  This 
bearing  is  identified  as  bearing  No.  9 in  figure  27  and  was  tested  under  the  same  conditions  that 
were  imposed  on  bearing  No.  7.  For  this  test,  the  slip  ring,  which  is  required  to  obtain  inner  ring 
temperature  measurements  was  not  installed.  In  the  previous  testing  of  bearing  No.  7 a high 
frecpiency  of  slip  ring  failures  was  experienced  at  high  speed.  I’se  of  the  slip  ring  was  resumed 
after  the  repeat  testing  was  conducted.  The  performance  of  bearing  No.  9 was  stable  throughout 
the  lO-hour  test  and  the  data  obtained  was  similar  to  that  obtained  for  bearing  No.  7.  Figures  9.9 
and  96  indicate  the  similarity  of  the  test  data  for  both  bearings.  Figure  99  presents  outer  ring 
temperature  minus  oil-in  temperature  vs.  bearing  DN  while  figure  .96  shows  hearing  heat 
generation  vs  bearing  DN.  Post-test  inspection  of  hearing  No.  9 indicated  a similar  overall 
appearance  to  that  observed  on  hearing  No.  7 at  post-test  inspection.  All  of  the  rollers  ot  hearing 
No.  9 were  found  to  be  free  of  any  eccentric  end  wear;  however,  they  did  exhibit  moderate  levels 
of  concentric  wear  on  both  ends.  Roller  weight  measurements  indicated  an  average  loss  for  the 
copper-flashed  rollers  of  O.OfltO  gram  and  0.0004  gram  for  the  unflashed  rollers.  This  com|)ares  to 
an  average  weight  loss  of  0.(KK)9  gram  for  the  copper-flashed  rollers  and  a maximum  loss  of  0.(MK)2 
gram  for  the  unflashed  rollers  of  hearing  No.  7.  A small  increase  in  static  skew  angle  was  observed 
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with  all  roller  elements,  h'or  the  flashed  rollers  the  average  increase  was  0 degree,  2.0  minutes 
while  for  the  unflashed  rollers  the  average  increase  was  0 degree.  1.5  minutes.  This  compares  to 
an  average  skew  angle  increase  off)  degree,  1.26  minutes  for  six  rollers  measured  in  hearing  No. 


OIL  INLET  FLOW 


^ 13  LB/MIN  @ 225°F 

[7  20  LB/MIN  @)  225°F 

u 29  LB/MIN  @1  275°F 

APPLIED  RADIAL  LOAD:  500  LBS 


BEARING  NO.  7 

OIL  TYPE:  MIL  L-23699 


APPLIED  RADIAL  LOAD 


O 250  LB 
Q 500  LB 
^ 1000  LB 


OIL  FLOW:  20  LB/MIN 


BEARING  DN  X 10 

riotin' .'{I  Kxpi'nmi  nlnl  Krnhiiitinn.  (innip  \ /h'c  ' 
/frn  (■  '/’cmpcm/i/rcs  cs  /fi'ii’iMi. 


Figure  .76'.  Experimental  Eraluation,  Grnup-N  Repeat  Testinfi,  Hearing;  Heat  (lener- 
ation  L’s  Bearinf’  Speed 

3.  Evaluation  of  Bearing  No.  6 

With  adequate  test  program  repeatability  having  been  demonstrated  by  the  experimental 
results  obtained  from  tests  of  hearings  No.'s  7 and  9.  testing  of  the  (Iroup-N  hearings  was 
resumed.  The  next  bearing  design  tested  was  No.  6.  As  shown  in  figure  27.  this  design  did  not 
provide  for  roller  element  preloading  and  as  shown  in  table  8,  the  maximum  eoupled  roller  end 
radius  runout  was  determined  to  he  approximately  0.0088.6  ineh  on  all  rollers.  Testing  was 
initiated  following  the  program  in  table  11.  from  the  onset,  roller  pass  freciueney  measurements 
indicated  that  roller  skid  was  occurring.  Skid  magnitude  was  the  greatest  at  the  lower  ap|>lied 
loads  and  decreased  somewhat  as  the  load  was  increased.  After  completitig  the  first  six  points  ol' 
the  calibration  section,  the  test  was  interrupted  and  the  bearing  was  visually  inspected  while  it 
was  still  mounted  on  the  rig  shaft.  At  this  point  the  total  test  time  was  1.0  hour.  Each  roller  was 
found  to  exhibit  heavy  eccentric  wear  on  both  ends.  However,  no  skid  damage  to  the  bearing 
components  was  visible.  The  shaft  was  then  reinstalled  in  the  rig  and  the  |)rogram  was  resumed. 
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Testing  was  completed  at  points  No.  7 through  9 with  roller  skidding  still  indicated.  At  test  point 
No.  10,  however,  bearing  performance  was  stable  with  no  roller  skidding  apparent.  Figure  37 
contains  test  data  for  both  cage  speed  and  shaft  speed  vs  bearing  DN.  After  5 minutes  of 
operation  at  this  condition,  the  bearing  failed  without  warning.  Total  test  time  at  failure  was  1.58 
hours.  During  removal  of  the  bearing  from  tbe  test  rig,  it  was  noted  that  three  of  the  rollers  had 
turned  90  degrees  within  their  respective  cage  pockets.  The  cage  was  found  to  be  broken  into 
several  pieces  and  all  of  tbe  rollers  were  severely  worn  as  shown  in  figure  38.  It  was  determined 
that  the  average  weight  loss  of  all  rollers  was  1.68  grams.  As  a result  of  this  detailed  study,  the 
failure  of  bearing  No.  6 was  judged  to  be  that  of  the  classic  eccentric  roller  end  wear  type. 

4.  Evaluation  of  Bearing  No.  2 

After  critical  rig  hardware  items  had  been  dimensionally  inspected,  it  was  determined  that 
the  failure  of  bearing  No.  6 had  not  created  any  significant  distress  to  the  rig.  The  next  Group- 
N bearing  tested  was  No.  2.  As  shown  in  figure  27,  this  design  includes  roller  preloading  and  a 
high  level  of  inner  raceway  axial  taper.  Bearing  No.  2 was  installed  with  zero  outer  race 
misalignment  and  it  completed  the  10-hour  program  with  stable  operation  noted  throughout. 
During  the  endurance  testing  portion  of  the  program  the  total  oil  flow  to  the  bearing  was 
measured  at  29.2  Ib/min.  Performance  data  was  similar  to  that  obtained  earlier  for  bearings  No. 
7 and  9.  Post-test  inspection  revealed  all  of  the  bearing  components  to  be  in  good  condition  as 
shown  in  figure  39.  No  significant  distress  or  unusual  wear  of  the  components  was  noted.  All  of 
the  rollers  were  found  to  be  free  of  eccentric  wear;  however,  they  did  exhibit  light  concentric 
rubbing  patterns  on  both  faces.  Roller  weight  measurements  indicated  a weight  loss  of  only  0.0001 
gram  for  both  the  flashed  and  unflashed  groups  of  rollers.  It  was  determined  that  the  static  skew 
angle  increased  an  average  of  0 degree,  1.09  minutes  for  the  flashed  rollers  and  an  average  of  0 
degree,  1.32  minutes  for  the  unflashed  rollers. 


BEARING  INSPECTED  AFTER  COMPLETING 
TEST  POINT  NO.  4.  ECCENTRIC  END  WEAR 


Fif’urr  :)7.  Experimental  Evaluation.  Group-N  Bearing  No.  6,  Cage  Speed/Bearing  Speed  Ratio 
vs  Bearing  Speed 
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Figure  39.  Group-N  Bearing  No.  2.  at  Completion  of  10  Hour  Parametric  Test 


I.  SUMMARY  OF  GROUP-N  TESTING 


(\)mposite  curves  representing  operational  data  for  the  Group-N  bearings  tested  to  date  as 
well  as  for  the  baseline  bearing  are  found  in  figures  40  and  41.  In  general,  similar  thermal  and 
horseiM)wer  results  were  indicated  for  each  bearing.  Although  bearing  No.  6 failed  after  only  1.58 
hours  of  testing  and  exhibited  heavy  eccentric  roller  end  wear,  examination  of  the  curves  in  these 
figures  reveals  no  unusual  thermal  behavior.  Only  in  the  skid  curve,  shown  as  the  ratio  of  cage 
speed  to  hearing  speed  vs.  bearing  DN,  in  figure  41  is  there  a significant  difference  in  hearing 
operation  indicated.  Bearing  No.  6,  which  is  the  only  unpreloaded  hearing  tested  thus  far.  shows 
continuous  roller  skidding  for  the  conditions  indicated,  whereas,  no  significant  element  skidding 
is  apparent  for  all  of  the  other  bearings  tested. 

A summary  of  the  wear  results  obtained  is  shown  in  table  12.  Average  values  of  roller  weight 
loss  during  test  for  both  the  flashed  and  untlashed  rollers  are  presented.  Also  shown  as  a wear 
parameter  is  the  average  static  skew  angle  change  for  the  Hashed  as  well  as  for  the  untlashed 
rollers  of  each  bearing. 

TABLE  12.  GROUP-N  BEARING  TESTS  — ROLLER  WEIGHT  AND 
SKEW  ANGLE  WEAR  DATA 


licaririfi  N(t. 

Avrrafiv  Holler  Weight  Lmhh,  Grams 

Aeerane  Skew  Annie  Increase.  Minutes 

h'lashed 

1 Inf  lashed 

All  Rollers 

Flashed 

1 Inf  lashed 

All  Hallers 
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0.0(X)4 

— 

— 
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O.CKK).') 

0 

n.()(K):) 

0.98 

1 ..i:! 

1.26 

9 

0.(H)1() 

0.(XK)4 

().(MK)7 

2.04 

1 ..V) 

1.79 

fi 

l.HH.'i 

l.V.’iSZ 

1 .68:18 

— 

— 

2 

O.CKK)! 

(),0(X)1 

n.onoi 

l.(»9 

1 ..'12 

1 .20 

J.  PLANNED  EXPERIMENTAL  PROGRAM 

Parametric  evaluation  will  continue  on  the  remainder  of  the  Group-N  roller  hearings.  At  the 
completion  of  testing,  the  wear  data  will  be  reduced  and  analyzed  through  statistical  techniques. 
The  seven  roller  bearing  parameters  will  then  be  ranked  in  order,  as  to  their  effect  on  wear,  and 
the  results  incorporated  into  the  analytical  model.  The  performance  results  obtained  on  each 
hearing  design  will  also  be  correlated  with  the  roller  bearing  analysis. 

The  wear  and  performance  results  from  the  Group-N  bearing  tests  will  be  used  along  with 
the  available  roller  bearing  analysis  and  other  test  data  to  design  a .').()  MDN  prototype  hearing. 
In  a subsequent  task,  this  bearing  design  will  be  experimentally  rig-evaluated  to  assess  its 
durability  for  a period  of  60  hours.  Testing  will  be  conducted  over  a speed  range  of  2.2  to  8.0 
MDN,  with  a goal  being  to  obtain  at  least  80  hours  of  operation  at  8.0  MDN. 

Future  testing  will  also  be  conducted  on  the  available  Group-AI'  parametric  hearings.  The 
procedure  used  in  the  evaluation  of  the  Group-N  bearings  will  again  be  followed.  The  wear  and 
performance  results  will  be  separately  analyzed  and  then  correlated  with  the  analytical  design 
system. 
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OUTER  RACE  MINUS 

HEAT  GENERATION,  BTU/MIN.  OIL  INLET  TEMP.,  °F 


200 


BEARING  ON  X 10'^ 


Figure  40.  Experimental  Evaluation,  Group-N  Bearings,  Heat  Generation 
and  Outer  Race  Minus  Oil  Inlet  Temperature  us  Bearing  Speed 
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OUTER  RACE  TEMP.  MINUS  INNER 
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BEARING  ON  X 10  ® 

Figure  41.  Experimental  Evaluation,  Group-N  Bearings,  Rig  Horsepower, 
Cage  Speed/Rearing  Speed  Ratio,  and  Outer  Race  Minus  Inner 
Race  Temperatures  us  Rearing  Speed 
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APPENDICES 
LIST  OF  SYMBOLS 


Nomenclature 

^gl*  ^ gl»  ^gl*  ^^g) 

AA 

a 


h 


(' 


H 


C 


<’l 


I) 

Dm 

rf, 

d,. 

d 

de 

d. 


K 


e 

F 

F' 

F.. 


f, 


influence  coefficient  matrices  for  the  outer  rinj;  and  housiiif; 
influence  coefficient  matrices  for  the  inner  ring  and  shaft 
arithmetic  average,  g in. 

smaller  ring  ID.  in;  coefficient  domain  of  the  finite  element 
system  or  the  element;  Hertzian  half-width,  in. 

smaller  ring  OD,  in.;  coefficient 

clearance,  in.;  constant 

roller  axial  clearance,  in. 

crown  radius,  in. 

larger  ring  OD,  in.;  OOR  constant 
constant  defined  in  Equation  (.‘18) 
ring  diameter,  in. 

crowned  flange  reference  diameter,  in. 

ID  of  a hollow  roller 
OD  of  a hollow  roller 
roller  diameter,  in. 
pitch  diameter,  in. 
effective  roller  diameter,  in. 

Young’s  modulus,  psi 

Weibull  slope 

forces,  tb, 

force  vector,  Ibt 

roller  centrifugal  load,  tb, 

fatigue  constant 
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mnsDiMa  padi  blank-mot  n 


LIST  OF  SYMBOLS  (Continued) 


Nomenclature 

f 

K 

H.  H 
h 

hu 

Ir, 

lo 


r.  r,  k;  7,  J.  K 

K 


K, 

K, 

Ks 

^IS*  l^2S 

L 

I..0 

L 

K 

1. 

Lp 

I 

L 


diametral  fit  at  outer  ring  OD,  in. 
gravitational  constant 
dimensionless  variables 

inner  ring  shoulder  height,  in.;  oil  film  thickness,  in.;  angular 
momentum 

undercut  height,  in. 

principal  moment  of  inertia  of  cage,  fbm-in.'*;  j = x,  y.  or  z 

principal  moment  of  inertia  of  the  i'”  roller  in  the  j"'  direction, 
thm-in.^  coefficient  defined  by  Equations  (69)  through  (74) 

unit  vectors 

spring  rate,  thf/in.;  matrix;  lubricant  thermal  conductivity, 
Btu/sec-in.-F 

n-point  spring  rate  of  outer  structure  from  OROD  outward. 
tb,/in. 

spring  rate  defined  by  Equation  (31) 
empirical  lubricant  constant 

n-point  spring  rate  of  inner  structure  from  IRID  inward,  th|/in. 

spring  rate  defined  by  Equation  (30) 

spring  rate  defined  by  Equations  (28)  and  (29) 

roller  length,  in. 

90^f  survival  life,  hr 

composite  bearing  fatigue  life,  hr 

lubricant  factor 

ring  life,  hr 

material  factor 

preload,  lb, 

cage  land  width,  in. 

effective  roller  length,  in. 
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LIST  OF  SYMBOLS  (Continued) 


Nomenclature 

Ik 

M 

m,,  nij 

N 

n 

OOR 

V 

P... 

Pm 

P, . 

P 

P 

Q 

Q, , 

Ft 

H.  r 

R, 

FtK 

S 


r 


I 

II 
V 
li 


roller  flat  length,  in. 
moment,  in-lb,;  mass,  tbp, 
masses,  tb^ 

interpolation  function,  speed,  rpm 
number  of  rollers;  number  of  OOR  points 
out-of-round,  in. 
dimensionless  variable;  load,  lb, 
diametral  play,  in. 

equivalent  ring  load  of  the  component,  lb, 

normalized  Hertzian  pressi  re 

q***  roller  load,  lb, 

pressure,  Ibi/in.’' 

mean  Herzian  pressure,  psi 

volumetric  flowrate,  in.Vsec 

dynamic  capacity  of  the  i"’  component,  lb, 

position  vector,  in. 

radius,  in;  position,  in. 

Rockwell  hardness  — ('  scale 

radius  of  curvature  of  crowned  guide  flange,  in. 

skewing  moment,  in. -lb,;  boundary  of  solution  domain 
variable  defined  by  Equation  t32) 

torque,  in. -lb,;  transformation  matrix 

time,  sec 

surface  velocity,  in. /sec 
dimensionless  variable;  normalized  speed 
surface  velocity  vector,  in. /.sec 
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LIST  OF  SYMBOLS  (Continued) 


Nomenclature 

V 

I'o 

V 

w 

w 

x,y,z;  x',  y',z';  X,Y,Z 

X.  y 

Xy,  Xj 

a 

d 

7 

A 

h\ 

h 

V 

( 

n 

» 

A 

A, 

u 

u. 


surface  velocity,  in. /sec- 
approach  siH-ed.  in. /sec 
dimensionless  variable 

line  load,  lb, /in.;  roller  weight,  lb,;  lubricant  flowrate,  ppm 

width,  in. 

coordinates 

coordinates  of  center  of  pressure,  in. 
contact  length  extremities,  in. 

angular  deflection,  rad;  angular  acceleration,  rad/sec* 
ring  coning,  rad 

constant  defined  in  Equation  (.'18) 

linear  contact  deflection,  in.;  fit,  in.;  incremental  change  of  a 
variable;  area  in? 

deflection  along  k'”  bearing  axis.  in.  or  rad. 

bearing  misalignment  about  the  k"’  axis,  rad, 

dimensionless  variable;  lubricant  temperature-viscosity  coeffi- 
cient; displacement,  in. 

gradient  vector,  in.  ' 

roller  crown  drop,  in.;  eccentricity  ratio 

dimensionless  variable 

angle,  deg 


normalized  film  thickness  = 


\ n,  (72* 


dimensionless  parameter 


life  reduction  factor 
lubricant  viscosity,  lb, ,,-sec/in.* 
coefficient  of  sliding  friction 
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LIST  OF  SYMBOLS  (Continued) 


Nomenclature 

v 

O2 

T 

0 

0M 

0» 


X 


it 


LC 


Su  bscripts 
A.  a 

assembly 

av 

ci 


(■ 


K 


e 


F,  f 

Ilex 

M 

IK 

i 


i.i 

i/o 


Poisson’s  ratio 

surface  finish  or  roller,  raceway,  ^in. 
shearinj?  stress  lb,/in^ 
angle,  deg 

q"'  roller  azimuth  location 
stress  t'g/Ctor 

angular  location  of  the  first  pinch  point,  deg 
angle,  deg 

angular  velocity,  rad/sec 
angular  velocity,  rad/sec 
matrices 

ambient;  axial 
assembly  condition 
average 

cage,  in  the  i""  direction 
crown;  cage;  cavitation 
rolling  clement 
effective;  external 
flange 

combined  strvictural  flexibility 
horizontal  component;  housing 
mner  ring 

the  i'"  element  or  niKic;  i I,  outer  race;  i 2,  inner  race; 
impact;  II) 

at  the  i"'  race  due  to  the  influence  of  the  j"'  roller 
II ) of  the  outer  ring 
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LIST  OF  SYMBOLS  (Continued) 


Nomenclature 

iq 

j 

jK 

k 

m 

min 

N 

O 

(> 

o/i 

()/() 

OOR 

operating 

OR 

F 

q 

R 

req 

r 

rk 

rkj 

s 

T 

ti 

V 


the  i'*’  race  at  the  q*"  roller  location;  i = 1,  outer  race;  i = 2 
race 

shaft  or  j'"  element  or  node;  the  j"’  location 

externally  applied  load  at  the  j"'  race;  j = 1,  outer  race; 
inner  race 

the  k'"  element  or  node 

maximum 

minimum 

normal 

reference  condition;  center  of  mass 
OD 

OD  of  the  inner  ring 
OD  of  the  outer  ring 
out -of- roundness 
operating  condition 
outer  ring 

pitch;  pressure;  pressure  boundary 
the  q'"  roller  location;  (low  boundary 
race 

required 
roller;  radial 
the  k'*'  roller 

the  k"*  roller  in  the  j"’  direction 

structural;  shaft 

tangential  direction 

unbalance;  u-component 

vertical  component 
100 


inner 


j = 2 


LIST  OF  SYMBOLS  (Continued) 


Nomenclature 


X 

y 

7. 

I) 

T 

1 

2 

Superscripts 

(•) 

(■•) 

( •) 

( ) 

( )" 

( )"■ 

♦ 


v-component 

X -component 

y-component 

z-component 

tangential 

shear 

outer  ring;  inner  member  of  a compound  cylinder;  II)  of  a 
cyclinder 

inner  ring;  outer  member  of  a comi)ound  cylinder;  OI)  of  a 
cylinder 

first  time  derivative 
second  time  derivative 
vector  quantities 
outer  race;  equivalent 
n""  power 
m"'  power 

constant  defined  in  Flquation  (II?) 
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LIST  OF  ABBREVIATIONS 


Av’k 

HCL 

B/I- 

I)N 

KHI) 

(Im-  cm 

ID 

in. 

IR 

IRC 

L 

Ib 

L/I) 

MDN 

Max 

Min 

mm 

O/C 

OD 

OOR 

OR 

PPM 

psi 

Rad 

RO 

RPM 

T 


Average 

Battelle  Columbus  Laboratories 
Baseline 

Diameter  (Millimeters)  Times  S|)eed  (RPM) 

Klastohydrodynamic 

Gram-Centimeter 

Inside  Diameter  (Inches) 

Inches 

Inner  Race,  Inner  Ring 
Internal  Radial  Clearance  (Inches) 

Loose  (Inches) 

Pounds 

Roller  Length  to  Diameter  Ratio 

Million  DN 

Maximum 

Minimum/Minutes  or  Arc/l/6()  of  Hour 
Millimeters 
Operating  Conditions 
Outside  Diameter  (Inches) 

Outer  Ring  OD  Out-of-Roundness 

Outer  Race,  Outer  Ring 

Pounds  per  Minute 

Pounds  per  Square  Inch 

Radians 

Run-Out 

Revolutions  per  Minute 
Tight  (Inches) 
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